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FOREWORD

I The Electronic Properties Information Center (EPIC) was established in June 1961,

at Hughes Aircraft Company, Culver City, California. It is operated under contract

with the Air Force Materials Laboratory, Research and Technology Division, Wright-

Patterson Air Force Base, Ohio. The contract was initiated under Project No. 7381,

Task No. 738103, with Mr. R.F. Klinger acting as Project Engineer.

The EPIC Information Analysis Center is a center for the collection, review and

analysis of the scientific and technical literature on the electrical and electronic

properties of materials. Its major function is to evaluate, compile and publish the

experimental data from that literature. Through the medium of a series of pub!lca-

tions such as Data Sheets, Special Reports, Stat(-of--the-Art Reports, Computer Bib-

liographies, and services including special studios, answers to technical inquiries,

research support is provided to the DoD comrn, nity. EPIC input is primarily from the

I Opel, literature. A large number of abstract journals, in addition to about 40 other

journals, and the unclassified report literature are completely searched.

This report consists of the compiled data sheets on niobl'um alloys and corn-

I)OunIds. A full list of EPIC publications to date appears at the end of the report.

T'he author wishes to acknowledge the contribution of Mr. E. Schafer in the

pve-.pul.catiura review of the comlnilatienz. The supporting assistance of other

im',;frbeCu ci time L1'IC staoA, , in partic-ulac, Mr"i. J. For'esut, Misr Sharon Bender,

M-. W,U. Judge, aNd Mrs:. Meta hliuberger, is gw,.tcifully acknowledged.



ALSTRACT

These data sheets present a compilation of electronic properties for superconduct-

ing properties including transition temperature, critical field, critical current, el-ec-

tricat resistivity, and magnetic hysteresis. Elettrical Fropertit.. .lluu conduL±vctivity,

dielectric constant, Hall coefficient, mobility, and therrr lectrie effects. Emission

data have bee,, broken down into the varied electron and photon emissions. Work functions,

absorption, magnetic susceptibility, specific heat, Debye temperature and the-mal conduc-

tivity data are also given. Each property is compiled over the widest possible range of

parameters including bulk and film form, from references obtained in a thorough literature

search.

K
This report has been reviewed and is approved for publication.

Emil Schafer
Assistant Head, Electronic PropertieL. Information Center

/! / . --- (./" -

(Jo.n W. Atwood
V'O j a-ct .Manager
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INTRODUCTIONI,
The daTi• •iveon top nicbium allc-v& and compounds in this publication are presented

accotding to the pari.•l mther than the group, of those elements added to niobium.

'".Wthin the perfodi, vatwte nf th-. organization amne of the aystem& have been grouped to.-

gether, such as nioburii boride and niobium carbid:. Thie has been done where the dbta

on systems of neighborilug elements Are suitable for ciomparison. Most of' the d.ta are on

the binary systemm; however, available data on tornary niobLium systeme are giver; when

available and paerinent.

, The Vup4,rcoudtctinp psxrpertieis of these systems siro of priuary concern and are pre-

sa,',ted first, followed by other data available. Some systems nuch aus niobiun-tallurium

do not sl'ow eidence of? being auperconducting at any tamperature, still th, semiconduc-

ting data are given for complotenoS$J.

None of the data on nlobium.-tin or niobium-zirconium are Included in this publica-

%ion. Each of thune ayatema is being compiled cmpnrately and will. be issued later.

Au the data on thetse vaL'louo sys'emB are presented, every effort has been made to

provide sample specificatiorn where they are available. One particular method is used

for nMobium-metal alloys; that is whore the eampie are arc me.ltid on A water cooled

copper hearth &-,d thans tqmaltad _avai,al tim.i to obtain homopt'nsity. This has been ro-
farred to ao tho "standard" oample prvparaticn in some of tho captiono.

One other method of vample preparation has b•r,, used to inv'eOtiggte the forming of

somaterialo with B-tungsten atuctureand with a high denoity af states. Thn HCI tranrt-

, bol't method staited with einterad NL.3 M .eterials. the cold zone waa kept at 800-9000C

and the hot zosie at 1000-1100"C. The result.v are ptven bolow for two niobium compounds,

the other data are presented In the body of this public.ation.

LI* ' V .

" • '•i/ '- ". : U
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Compound Crstal type Lattice constant a (A) Tc OK

Nb3 Ag Cu3 Au 4.207

Nb 3Cu

[Ref. 21843)

Compiling these data from as many sourcee as possible, it has often been necessary

to change some parameters so that they are compatible with others. One example of this

is in the method of measuring tho amount of the element added 'o niobium. The two most o

comnon methods are weight percent and atomic percent, the conversion factors bet%.eea r

thess are taken from ASH Metals Handbook, 1948.

x (100-x) y k(100-Y, [

whora x is the weight percent and y is the atomic percent. A coiron notation for atomic

percentage is as follows:

Nb Ta or Nb.T 5
55 45 55  .145 ,

other than this, at A or wt.% is used.

The genez'alized eubscript x is often used to replace the numerical values; Nb ,, Geo

ic just another method of using atomic percent notation when x takes on ský,!cific values.

tHowevar, when the notation H;ýCx is used, this is not the atomic percent notaxtion; when

,,m .5. 1... Nb. C . the carbon content is in reality 33 at.t. The iollowing nomogram HA.",( .5V " U

aid* in these convtrsions.

Nomogram for conversion
to atomic percent B in 60 ' '1 1

r] are x in the suluscript -- ,o

the atomic pearcent.

0 .1 *r, .) I j ,(.

Solute uul)*crit, x

2

J i
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Another notation uied in reporting the composition of niobium alloys and compounds

is the ratio of the additional element to niobium; an example of this is C/Nb. If this

is the atomic ratio, the value is easily converted to atomic percent, an atomic ratio

C/Mb of .5 is 50 at.% carbon. Occasionally mole ratio C/]b may be given when in reality

atomic ratio is intended, when this is done, an attempt has been made to clarify.

The crystalline nature of the niobliu systems is of great importance in determining

the properties they exhibit. This is one of the reasons why much attention has been

j given to phae diagrams and lattice parameters. The three main crystalline structures

which show superconductivity are 0-tungston, a-manganese, and sigma. below is a graph

which shows those elements which are favorable for solid solubility in niobium.

L2.7 1K Rb CB T-I I I
2.5 rb EuGd

¶ 2.3 K/ / Tb Puy

2.1 Lo t/ r ,

The shaded band covers the V) 1.9 S o Co Zr In -b bPb
range of radii favorable ., 17 TI GS b TI

for extensive qolid sol-
ubility in niobium .....

V 1.3 V
(Ref. 21851) 9 .I 8 Ru Cr -41 0.9 _t Ir0

NiS0.7 -SECOND FOURTH FIFTH SIXTH SEVENTH -

PERIOD PERIOD PERIOD PERIOD PERIOD0- THIRD

S0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 00 85 90 95

Atomic Number

Directly correlated tc the composition and crystalline structure of the niobium

. ystomo In the valence electron/atom ratio, The two following graphs show the transi-

tion temperatures as a function of this rati. for various systems in different struc-

LI
tuoRe.

Ii

, . ,,*' . ., ,• *, . ,•
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4 *% bP L"
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N FFEPN-Ir@ *To-All 0 J_
P~t oiOONb-Pd 1
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60 7.0
electrons/atomL

Transition temperature as
a function of e/a ratio. L

-- ~20 L
-6 /'h Mor-On.tel

Transition ýperature as 12
a function of eta rat io. 4j~ 0 I0

To3Sn~I
S 61 V3 Ge /M,,3CO

V3 SfJ M03 I I
M~ 4 C.C

2 V3 AS

4.0 50 6.0 7.0

Electrons/atoil

(Ref. 764'8]
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In a 1961 paper, DeSorbo reports the effects of composition and structure on suj~er-

I conducting propercles. The following gr'aph shows dT c/dc plotted against a.a/dc where c

is the concentration and a is the lattice parameter. The size of the solute atom is

one of the factors affecting the properties of the system.

0 t
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Sectio• n'.
NIOBIUM ALU.OYS AND COMPOUNDS,

NIOBIUMH.,YDPOGEN

GENERAL

Niobium hydride shows a transition temperature near 90K with low hydrogen content.

This temperature value decreases as the hydrogen content is increased end has a value

cf about 12 0 K at NbI.olH.O.

Two distinct phases are found for the niobium-hydrogen system, an a phase up to 10

at.% hydrogen and 8-niobium hydride phase above 41 at.% hydrogen. The ranges represented

by these phases are given by Brauer and Herman [Ref. 203281 and Trzebiatowski and

S Stalinfki [Ref. 20575).

Some disagreement exists over the nature of the 8 phase. Brauer and Herman [Ref.

20328] cite the l&ttice constants for an orthorhombic structure, but also interpret this

phase as distended cubic. Samsonov and Anmonova [Ref. 20333] substantiate this latter

synnetry in the 44 to 51 at.% hydrogen region.

Solubility isobar for hydrogen at 
Le;

1 atmosphere, in niobium (98.5 wt.% _ 40,
pure) [Hansen Fig. 431t; taken fr-om: 4:

Sieverts, A. and H. Moritz. Z FUER
ANORG. UND ALLGE14. CHEM., v. 247, -•- -
1941. p. 124.) 30 -

S20

0 200 400 600 800 1000

Temperature, T (°C)

' ..-
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NIOBTUM-HYDROGEN L
GENERAL Mole ratio H/Nb Li

0 0.10 0.57 0.86t Phase diagram for niobium-hydrogen system.

0 0.11 0.7 0.94* 48.5 at% H is the maximum hydrogen con-
tent used by Blrauer and Herman.

* Brauer and Herman (Ref. 20328)

0 9.0 36.0 4 8.5* t ?rzebiatowsii and Stalinski (Ref. 20575]0 . 36.4. 4,6.0t '

Pseudo cubic (orthorhombic) drawing a

of 8-niobium hydride structure, NbH 8 9  V
8 900,

= 89.40

co = 3:45.. . . .__-

[Ref. 20328•)

0 . -. -- r

3.45

3.45 Lattice constant for the cubic 0-*,bH
as a functio on hydrogen content.

[Ref. 203J3J
U

u 5.37

42 44 46 48 50 52

V.• ~npercent Hydrogei-
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S.ett.n 1 i2
NI0BIUM-HYDROG.,

TRA"SITION TEMPErATURFE

101

•.5 4-• C L0
.4)

40 4 3 2

00 71 0 1

5.0 60 70 80 90
Temperature, T (OK)

Transition curves of four niobium-hydrogen systems. "L
1) 0 at.% H 3) 9.89 at.% H
2) 5.06 at.% H 4) 32.76 at.% H (Ref. 9299J

Hydrogen pressure (Tcrr)
15 20 30 54 100 125 150 200

1.00 T -I I

0.50

0. o I I I 1 I I I Ii 1 l E C

V)

Transition curves for niobiu- hydride, 1 4 milliAmp, H 0.

~',

- - - - rising, superconducting-nomnal -

falAIing,normal-superconductiing (Ref. 20330)
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NIrBIUM-JHYDROGEN

" MAGNETIC HYS'IERESIS : '.

1.0 - .J1

Svc

I '-'..

I 4- . .. ' I . . .

MANEI HYSIECRE.0 5.

Field strength, H (kGauss)

Magnetization for niobium-hydride. Data taken at 4,2 0 K. Sample

preparation: niobium heated in 10-80 mm Hg at 800 0 C.

H/Nb <0.30
S- - H/Nh =0.28

H/Nb: 0.45 [Ref. 210.40]

m n• F -- : I .. . - --.-- ;-:- =. ------

•---------L _ _ -1 I L JJ_
-1.0~

0 1. 2.0 0 4.0 S,

lj Field strength,H (kGauss)

Magnetization for niobium hydride sample prepared by cathodic polarization.

- - - - 0.1b Amp/cm, 25 hours:single crystal

0.16 Ampicm, 25 hours: polycrystalline

(Ref. 21040]

S~iO
joj

-.- .-..- ,-*.-- -- - -- ---------- __
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KAGHETIC SUSCEPTIBILITY (

' 0- 170 [ ~ r L
<

Atomi5c suscep:.ibility of niobium-hydride as a function of hydrogen
*conten~t. Sampl'is were arc-melted under reduced argon pressure. I

o 800 0 C

G0 7G00{

16 600

t 550

(Ref, 19871),L

NIUBIUM HYDROC.EllL

SI C7.A. ,.MJS10N 1_

integral intensity of L02"bands for a niobium hydrogen compound, taking Ln 2 line

fo~r HDn as unity.

Con•npourd intednity

NbHx 1.06

[Ref. 163347]

b10Vi'

,L. .l . : . , , +n & -... ,.-. - -
" A,' ,r . . . .. .. . . . . . .. .
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"eotisxu 2 -

NIOBIUM ALLOYS AND) COMUOUNDS

NIOBIUM-DERYLLIUM

Electrical !',esietivity and Thnkrnmj Conductivity

Compound El~ctrical Re3i~tivity Thermml Conductivity, K Melting~ Point
_____ (f-cm) (tf/cm 0Ky)T,(

-27 --50 100 1'.8M"C

NIB125. 166.6 2e0010 0.301 0.326 IL0go

Nb.2ie17 - - - 3.261 0.343 1705

Nb 2 13e 9  - -17(5

(ipef. 18)691

NICBIUM-ZIICONIUM-BLRYLMLUM

Transit ion Tempera~ture

N~bb 6 ZrbceT C $120A

x 0

. WW W6
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VUOBJUM V~IMQ~ AND COMPOUNDS

NiODIUM-WHoON AND 1lI'ThUM-CARllOt SYSTEM!;

b11 NIibilvn comibint'ui wito bul'on and forms throe diatkinct compounds, NIM, NL3 N~.;

and libh? 2 Orly thni motioboride aikiviun a .'rvuz'ebl vrorviition tairnparatuno Lir tIh. I.-t 0 K

rorine.

Aridranuii Ali,] Kioslilitg [Actl * 11)9.17) h4va didt~i~jeid two r~hnioar; al about

10 atA. boroni which thuny call 01 aiid 8 '.~ 7i firut o~f thiose mactc to too stnble at r','m

temnptir'tura W~iilt. thr' leittoz to stable uniity at higlirtr temrant uvot. Ilivue autLo,'o

ci'atin a primirIt tvo ;ubkin, I 'ice for tlie 11' pli.i"t wiv)h1 a 14*.210 A. Allot her phase, IV'

11o IdONtiriad by Andtvrut~csi, wild Klooul.'ii botwoatl 20 arid 3tI at.% boxxvn. Brower, at al

(Rlof. 11752J sulignut flhat thli Ai" might be1 n Nblhm phiraga conitainlnrip: 211 atA bur-Oil. Nbui

woo notead 4a10Dg With HI) arid NbiA al'tor hwlivaill a ý at .% boron:, sample for' 0 nhimiri at(~

I 1b6j0"'Cl but wris in(;t foundj ill two otli. v' smarpiot wi th 20 arid 33 at.A boz'oi 1,0*tud for 147

Ttu bor'on o;'pro~rhod 0thD 0 ii. . level a hibb,1 Phl'(1 wort 01)t ie d by llr'.wer, atal

Lin namplas praptired at. 15301C for' 71 minuwo~ and 10101-C or' 9 nitititat. The boron (Om..

poiialit in a.;d n is not idoitiaiabi.ue Ill iiithaz' of tholn 1114004 arid n'j lat icv Couintollts

ar'a g IVal for i- 41010' of V.ioni oni t"T U 1

rilviiiuoLV'-oi1 ill thne ii~el loM'~-'u~n*'t iq ?I)OaFN o:'iQt.~b iico'

anld iti iUotyplC Witth (;1)' 410 '10u13. 'Yhit Sumfl OrthorboIfllj)A.c 0(-1tVIC~tlW-i eo7'ý46 (Inl Pt'ni'IU"

to t hoj Nb)3bii COinrOUind vhlM. ,rll P1 Aul y~c Wi thn'~, As 11)4e bo"r-ol CIMtI t 01it. 4 nv pixyt~

tlnq uytitam rjaho 1'O(iit r L K~ niipOf w~.th .3 ~~tviO IlwIJ~tUro' 11- AJ2 C*

1.4
v L
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NeIODiIUM-CARBON

G1N1.RAL

Nb-C Poth the "mnono" and "sub" cnrbidos of niobium haive trans.ition temperaturea

in the 6-1O0 K range, and show strong depandence on the carbon content. Near the 33 at,%

carbon region (NLIC0.5 ) an LncraRoe in the carbon parcentagn by 0.6c. at.% sends the

tranmitiwi temporatuk'c to laus than 20Y. Likewiso nenr the 50 at.% region a docreace

in tho carbon p.'rcontage to about 45 atA (NbIC. 068 ) dropa the trantlit).ori temnperature

to leus than 141K. Thisi dellandunce upon rarbon content is0 noted evani though those two

cosipounda ei~hibit differwit cryntalline structures.

Birauer, et al* Cla~ln tl'1C to be homogaroneu, between 25.9-33,:3 at A carbon

and NbC to ba homogeneoun between 41.9-50.0 at.% carbon. The transiticti temperatura3,

hidwvver, do not ref'lect tho hoinuganilty of thuna phamov.

ADrauar, G., 11I. Reonner, anid J. Wcz',ret. Carbides ot viaQium,, z. rVLlA A1400. V11' ALLhIM. r

CHIM,, v. 1.7', l'V5'n p. 24-V.~-hI
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NIOBIUH-BCRON

GENERAL

Weight percent boron

0 2 4 610 to 1 20 30 00100

0A) L+&bB2

B) I,+Nb3Bi
C) L+Nb2

2000 D) jB)+L

(D -- E) (B)
I F) NLB24+Nb3B4

G) NbB+Nb3 B4
H) NbB+Ub3 B2

f I) (NB)
I u~'J) (NB)4.L

I F - a 1 0 0 ) L + N b B

50 0

0 to 40 6so 6o too

A wr. ~tELY. Allyin 0r Atomic percent boron

Phose diagram for niobium-bor'on system. (Ref. 19929J*

w~r.GIIELY. lloynglehavior. In COLUMBIUM AND TANTALUM. Ed. by: FRANK T. SIS(0
a~nd EDWI'RD EPRU~MIAN, New York, Wiley, l%63. 1). 4411. Shealy hab added to the KiefeP'

a:tcd tenvveky phase diagram.
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NIOBIUM-CARBON -

GENERAL Weight percent ca.'bon
4000o0 1 i 7 L_-I I 'Ir i | i ii |1

Li.,
0300n. 30600*

Phase diagram of niobium- / /
carbon system. [Ref. l9- .

A) NbC+L k , . ,,
B) Nb 2 C+NbC(72(C(6)Ph
C) b2C c+

D) (Nb) z 20o
E) ci-Nb+L

0 10 20 30 40 60 60

Atomic vercent carbon Atomic percent carbon.

33. 2" 40.2 43.3 4U2 4&2 5LS I4.

L.6

ooo| I0 I I

~~ Lattice parameters fao' niobium L
A i e t rcarbide, arc-cast samples:

°0 o single phase NbC

4.444 - I I

4 a4 double phase NbC+Nb 2C.
Sl4J 4.440 0

+•~1 i3i---
W ' ( '•2C

Weight prc.-nt carbon [3Re. 2311f-

16 '•+ Lf,

- .&,.... .~ .o... .-.. cura.v,..,..ksL ,>:---
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Section 2
NIOBIUM-CARBON

GENERAL

Atomic percent carbon

33.3 37.5 41. 44.4 47.3 50.0

4* 4 4,'C

4 46CC[ 0

4.

. 4.4oo 0/i-4j

4.4300- *

4,42001 I

.5Wo .600 .700 .800 .900 1.000
Atori-c ratio C/Nb

Lattice parameters for powdered niobium carbide. The curve is a least squares
fit of the data and follows the equation:

ao = 4.4704 - 0.0239(1-x) - 0.3586(1-x) 2

where x is the atomic ratio C/Nb.

Sample Preparation

pressed; lOOK - 200K psi
sintered: 30000 C for .5 hrs., or

1800°C for 38 hrs.

o single phase NbC

I double phase NbC+Nb 2C

[Ref. 20532)

17
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00
C~~~, m54- 011* 4N 0 .

-4 -4 H V 4) c
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o 0

0 0 j
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Section 2
NIOBIUM-CARBON

TRANSITI')N TF.._-ATURE

Atomic percent carbon
12 0 33 50

04

1 /
Atoc at

G., /

I* e x Hady . and J.L. no a Ref. 9695e
loofata ntahe pr edin table easureents arenota laulerst -

o Giorg•-, A.V,, eat al. (Ref:. 96%) .
* G~orgi, A.W.., et al. [Ref. 18737]
x Har'dy, (C.F. and J.K, Hula (Ref. 9695).

i.. ~21 .
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Sec tion 2

HIOBTUM-CARBON ..

TRANSITION TEMPERATLJR

Atomic percent carbon
4.7.0 1440

* ~~Transition temiperature of niobium I
W carbide as a function of the

411-carbon content xc, NbCx.

4 Plot of Giorgi's data [Ref. 187371

Uk

Transition curves for arc- LII
melted NbC and 1Th2C sam/les,
measured in a 26 0. field. -'

0
4 as H

4.'

[Ref. %(9'j) Temperature, I P0r~

22
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S.-tiIu 2-
HIOBIUM-BORON

CRITICAL FIELD

Critical Field

At.% B Hc, kGauss Notes Ref.
-- (4•, 20K) Symmetry Samples -

so 4.5 crt•horhombi.¢ E1ectzon beaA malted 12621

0-MoB type £ zone refined.
"Impurities: Ta 2000
ppm, others <100 each. '

50(+3% 5.05 "Iexcess B)
55 8.00 Nb, NbB Sintered in argon at

1700-175C3 C. :.mpuri-
ties: Ta 50t ppm Fe
100, others <50 each.

59.3 4.8 N, NbB2

NIOBIUM-CARBON "

MAGNITIZATION -__ _

t-.Ir.7

_ 5 _7- 4i v bC I

.4 NbN

0 2 4 6 6
Field strength, H (kOe)

magnetization as a function of applied field. Niobium carbide
sampie at 4.2 0 K. NbN curve Is shown for comparison.

(Ref. 21847)
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NIOBIUM-CARBON

CURRENT DENSITY *''

U0.

10.1
10".. b.J

0 500

10

4)
-4.

So 1

I• I

00

a) .6 1.

-24
4. 51

0 42 ;''•

Magnetic field, H (kGauss) [

Critical current density for two Nb%:: oo samples, as a function of external [
field. The samples~ were pr'epared by f•o* pressing of powd-rs.

I~mpuritiles T, (0 K)

a) 0.6% 1.4 U

b) 0.3% 4.2
c) 0.6% 4.2 V

(Ref. 21780)



__ _ U1" 0 dMT

oo o~~v i .. . ... - ---- --

,SARC AD0 TeCHNOLOQY DivImli I

RIPARK BCY LICTRONIC PROPIAINIES INPOIqMATION CgNTIK * HU(JGNUS .IFGCAP' COMPANY. CtID+,VIN Cl', 9ALIp'ONN4IA

NIOBIUM-BORON AND NIOBIUM-'CARBON

SEHICONDUCTING PAOPERTIS

Electrical and Thormt. PropeolLies

Electrical Thermal
Resistivity Conductizlity Thermoelectric mf 11H1 Coetaiciunt Nntes Rut.

_ P•O-cm) K(W/cmi K) PV/OC R (10-ctnJ/..ouI)

12 -1.0 - 3803
12-65 (-) 4.3 - -

28-65 0.17 - 10179
32 - -- 11599
34 - €)lq-2.1t 3803 +
35 .167 250C lei 69i

- O 17- 29 -2000C It 'I

-- S)-3.7 Arc melted 14991

W()-1,2 - Anuesled "

N1B

64 --- 11599

NbC

51.1 (a)-4.0 .1032** 3803
74.0 0.14 411 10 1 ai.. 01

tared powder.
150.0 .... £778
204.0 0.134 & 3-axi poly- 122-8

d-Aens powder.
- 0.14 - 25 0C, sin- 18109

tered powderr.
0.37 - 19000, SeP.

- (S)-9.4 - Arc melted, 14991
- Annealed.

t 6 +51.1 x 102 3 (cm/V2sec 2 )
* + 6 11.4 " If

R 2 2
1i 2 = -,

n is the carrier concantrat ion and u is the mobll•ty'Thermal coefficient of resistivity, , a -O0.12(%/deg)

25
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H IOBIUH-DORON

SEMICONDUCTING PROPERTIES I I
Electrical Resistivity

At.% b (00-cm) P o/)30Notes Ref.L
Cryn-t-al lopraphy EME l0-

50 9.72 .0261 orthorhobic Electron b*ew melted 12621
A-HoB type & zone refined.

Impuritiop: Ta 2000
ppn, other3 4100 each.1

50(+3% 10.57 ,0279 of
• xce~u iP)

55 0.120 .0345 Nb, NbB Sintared in argon at
1700-1750-C. Impuri-
ties: Ta 500 ppm, Fe
100, othars *050 each.

59. 3 14.70 .0366 N, NbB2  00 "

• U
NX IOXUM-CARBON J

SLMICONDUCTING PROPERTIES

Electrical and Thermal Properties

Electrical Thtnral1
Formula lAttice Coretent Resistivity Conductivity Thermoelqctric Effect

(aR(c) _-cm) X (10- W/cm°.1) (uV/°K)

NbC 7 1 0  4.431 171.7 9.0 * 0.7 -1.9 1 0.1

"NbC.7 50  - .50.0 9.7 2 0.7 -2.1 t 0.1 f

NbC 8 0 8  151.9 10.2 * 1.2 -3.4 * O.4

NbC 85 5  135.2 10.7 A 1.2 -5,e t 0.6

NbC. 9 0 8  4.4464 89.8 11.2 * 0.7 -5.5 * 0.3

[Ref. 21271)
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NIOBIUM-BORON

ELECTRICAL RESISTIVITY

1. 0if
0..

S0.7

j Reitvt raioa a function:

show a similar curve.

- ~~ Temperature, T (K) (Ref, 15336J

NIO!BIUM-CAFjdOg

S £ELECTRICAL PESISiIVITY

Atcmic percent carbor

37.5 44.4 50.0
200 -

.H

Electrical resistivity of o

NbCx. Powders were
pressed and sintered at- .

10 -,l0SnuI He and 2200-
24000C._________

0.6 0.8 1.0

[Ref. 21271] 27Carbon content x

274
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NI..BIUM-CARBON

THERMAL CONDUCTIVITY

Atomic percent carbon
20 44.4 50.0

20 , ,,•.SI I

4j

-4-' .
10

- C I I . I

0.6 0.7 0, 0.9 ;.0

Carbon content x

Thermal conductivity of NbCx powders which were ,pre3sed and sintered
at 104 -_O'Smm Hg and 2200-24000 C.

(Ref. 21271]

NIOBIUM-BORON AND NIOBIUM-CARBON

PHOTON EMISSION PROPERTIES

S~ii

.° L.

The L series spectra for NbB 2 and NbC. The curves for NbN and pure
Nb are given for comparison.

[Ref, 16346]
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N3GutIwUMK ANID NIOBIUM-CARBON ..
PHOTON EMISSION PROPERTIES

L line intensities for Nb compounds.

Line Nb NbN NbC 1HbB 2

L 100 100 100 100

L 2  11 11 11 11

L 60.0 60.5 61.0 62.0

L9.9 9.5 9.9 10.2

L5.3 34.0 4.0 3.5

L i2.0 1.'47 1.48 1.40

N IV 0.56 0.39 0.39 0.36

Nv 1.27 0.91 0. 90 0.77

N IV N V1.83 1.30 1.29 1.13

(Ref. 16346]

Relative values of the variation of the 6 2and Lyl Iines for equal L,4 intensities.Z.

Line lNb NbN Nbc ) ~~

L 100D 71.5 72.9 68.5

Ly37 26.3 27 27.6A

(Ref. 16346)
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FREPARKO MY ALECTRONIC PROPEl•RY1 INFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

NIOBIUM-BORON AND NIGBIGMH-CARBON L

THERMIONIC EMISSION PROPERTIES

Work Function Richardson's Constant A Current Density Notes Ref.
0(eV) (Amp/cm.2 dg 2 ) Jc (Amp/cm2 ) - -

NbC "•

2.23 1-10- 6  
- - 11031
-.02 - 3000K

3.74 - 14000 K
3.72 - - 1800 0 K 1623.58 - 3.6 20000K

NbB 2

3.6$ 1642

NIOBT tiM-CARBON

THERMIONIC EMISSION PROPERTIES

100
s~-4 46 oF

-i-

:• '0 I • , I- i • , • p ] L..I,
o . :,. ,

1400 1600 1800 2000 2200 2400 260>0 2800

Temperature, T (OK)

Emission current density for niobium carbide -,1000 thick, based on (1) 30P strips of
tungsten~ and tanrvtlum and (2) tungsten and tungsten carbide wires. The properties show

little dependence on the base. The samples were treated and measurements taken alter 1
heating to 24000K.

Heating Work Function

I• -

1500- I1000 reduce fr00 4OO0 to0 23.8 evO

Emission0 -urn dens 00y ra ibu crie-ised fromk 1-3.d ton 4.2 3 srps

tungtenand antlum nd ) tngsen ad tngstn crbid wies. he Roetef. show311

litl dpedec o te as. h smpeswee ra~d ndmesu•metstae30~e
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NIOBIUM ALLOYS AND COMPOUNDS I .4 . 1

NIOBIUM-CARBON-NITROGEN

GENL~ERAL II III

0: 4.50 '

Lattice constants for the

were cold pressed compacts,

sintered between 2000-24000 C

4. 4.30 
in nitrogen.

,-I 0 ;0 20 30 40 50 60 70 80 90 1003
NbN NbC

Hole %NbC 1bCRef. 21840]

TRANSITION TEMPERATURE

20 I I I

[ 31

11

Transition temperature for 12Sthe s~ystaem NbN-NbC, Samples
were cold pressed and sinter~ed +
2000 - 24001C in• niteopen, .I

S0 10 20 30 40 5'j 60 70 80 9.0 OW0

U ROf. 210443] Nbil mole pez'Cent NbC NbC -

" [ 31
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A I r ORCE $YSTEMS COM4MAN D 
!OJ CK

PMEPARjC' -v ELECTRONIC P(-,OPEnyIEb i--ONMANIOY C'1714YR HUGHIJS AlpNCRAP" COM.PANY. CULYEIR CIT'V. CALVFOWf41A

N 10B I UJi-CARBON-,-IT-1RQC;GZ714-

TRANSMTI0 TEMP-RATUPE td

20 - -- - - -r-----

ýc-J

14'

41
12'

S .5 0.10 Q15 0Ž3 o 025

Tran~sit ion metal-carbidiE con-cent x

Transition temperature fo.- the syster,

whel~e 14 is 'Ii, Hf or V.

[Ref. 21844) L
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N1Ohi'JM-CARBUN-14ITR0M;i-M

TRAflSITIONl TLMPFTRATURE >-i

Z S4

4' I

Transition ttankcratu1e for thed-inr synte

ternaryC~os(N~ where-arid Mopuns ise n

T~, Ta, Hf, or V

ALO :!TI; 0RANS0TION6METAL4'.147 TDIDta P T1

'j Nb-r 4.90UIE e RAI

4.,) NbN-NbC-C 4.995

L P, C'dI QV$, L94 09,QV)4. Wa

L~iUtI J1d011i v1' t1P.33iI.IJ (rarJ.J ini Compound

(Rt.28.4
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[ ~ZIL...... __________________ il
REPARKID SY yrLCCTFtOIC PAII•IOPCTIES INFORMATION CENTIA HUG4'ES AIRCAAFT COMPANY. CuL,'Vft CITY, CI.IFORNIA

NE o B IUM- CARDO• -O- NITR0,;EN t.

TRANSITION TEI¶PERATUREJ

Cowpoond Transition Temperatur~e Notes Ref,
Tc(°K)

1NbC/HbNt 8.5 - i7.3 Whiskers 2V-lO~U diam, 21847
(Ill] orientation.

ýbC C. 3 N C.7  17.8 21b~44

Zbll-NbC-NbO >20 Prepared by chemical 21843 "
vaDor deDo, [ •ion.

+ 0(201K) = 6 x 10-5 Q-cm

N4 IOB 1 UX-C ARBON -14 ITROGENJ

CRITICAL FIELD

140[ ' , ' i -i-7- i

-4 0

'0 L
4 -X 1

Iu .9_L _ _ _L _ 7

60[ i
Su 40

0 1Q 20 30-10 5060 70 80 90 100
NbN ,joe % Nb NbC

Upper c-itical field for NhN-rNC sys.tem. The s.amplen were cold presse.
covpacts, sintered between 2000-2400'C' in nitrogen,

IRef. 21840)

[.

iL

.... .*' ... . . .. • '-: :
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AIR FORCK SYSTEM& COMM9AN 0[ 'I
PRIPARIED BY ILECTRONIC PACOIDEPITIr INFORMATION CIIENTBR1 HU0491S AIRCRAFT COMPANY. CULVER CIT. CALIFORNIA

NIOBIUN-CARBON-N XTROGEN

CRITILUAL FILD7OFN

S50ý

[

Upper critical field for a 5.8u dian. o 3
NbC/NbN whisker as a function of 30 0

temperatui"e. These mixed structures S• I
were formed in the [(11] directioii 20-

[ when carbon and nitrogen were both
present. (Ref. 21847] i

"(dHc2 /dT)c 0110 12 14 16 18

Temperature, T (OK)
I.

NIOBIUM-CARBON-NITROGEN-M

CRITICAL FIELD

For the following crraph -the samples were cold pressed compacts, sinte.•ed between
2000-2400 in nitrogen.

v) 140 .,i

120 XT

I
'4 80 -

The upper criticul fiold for the -4

followir.r', esytein (rlb"~C 75(LCi. _ 601
00, or (NbN) 0 75-y(b 10 ,5 (Mtl [

:,-y

as a function of tha addi'tivnial 4+ 0

yoinr;. on t , 
" %4

SNUN-I4UC•-TIN I• N'N NK,,- 'r•(•r 0 0.05 f,.10 015 0.20 0.2tý 0.30 0.35 0.40 0.45 +

NUN I.bC - N NUN "NU(+-V(, ditoa component (MC;), or (MN)yJ
SAddlJ ony

Ef 2144

35. . i,,• • •:+"'•
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II IOB IUM-CAflBO,•-N I7"ROGj'N

CFITICAL Ft.LD :_" II

Compound Critical Field (kOe) Notes Rf.

NbC/MbN .. 1.7 ±lO Whiskers 24-1O0i diam, 21847
111i orientation.

N-ýo. 2No. 8 - 120 21847

/dHc2 ) ( k~e,
td T LK

NIOBIUM- CARBON-NiTROGEN

CURRENT DEUSITY

10

4" L4-

Criti'-al current density for NbN-NbC 1 - 10 ,
system as a function of field o8
strength for differrent mole percent- 4 ' !i

pressed compacts, sintered between 50 -. v
2000-2p00°C in nitrogeld atmosphere. 2 ]

'-4 sopulsed field data *5 2 !' I I

"4- I I II

to 2i~ .L I I I

0 20 40 60 80 BoO ;20 140
Field strength, H (kGauss)

[Ref. 218401 h
36
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PIqEPARIIri BY ILZCTRONIC PfOPERTIES INrFORMATION C rNTER * HUGHES AIRCN•AT COM1PANY. CULVER CITY. CALIFORN!NA

NIOBIUM-CARBON-NITROGEN

CUPRENT D 2N.SITY ~ 1 0

4- -

to) 60-

,aC" 40~

U ~ ~ 20F

• -4 ."

2C 0 40 coo80 100
Field strength, H (kMe)

Critical current density. as a function of field strength for NbC/NbN, "Ill]
-I orierted whiskers. Data Laken at 4.2 0 K.

1) 3.5u diameter
2) 5.8if diameter [Ref. 21847]I -

104

- a 
- IO -J

:5 221
Ii 2 102

101
..) I0 I

I 5 10 50100 5001000

Whisker diameter, v

Critic.al current density for NbCINbN, [1111 ur.ented whiskers, as i function
of sainple diameter. Measurev-entý are taken at 4.20K.

[Ref. 2)847]
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CURRENT DENSITY1

C14

'U

;0,

'T0

.04.045

0 10 20 20) 40 50 160 70 I
Field strength E- (kGauss)

Critical current density for the system 01lb11) 14 NbC 11~"' as a function
of field strer.vth, where M is +if, V or Ti. Th nu bers on the curves repre-
sent the transitior. metal nitride conter.t in x#

o NbN-NbCV
A Nb14-HbC-HfN
u NbN-NbC-V'4
a NbN-NbC-TiNq

[R~ef. 21ý4141

___ 3L
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PREPARED BY i-LECTAO-IC PROPERTIIB INFORMATION CCNTER * HUGHIS AIRCRAFT COMPANY. CULViR CITY. CALIFORNIA

?- NI0 SI UV-CARB0N-N1ITRCCEN-M

CURRENT DENSIfY

Ii °

Critical current density for the
system (NbN)o. 7 5(NbC)o 2 5 _x(MC) .02
where M is Ti, Hf or V. The a -0

numbers on the curves represent
the transition metal carbide
content in x.

o TIC
A HfC
o VC . I

( I
o 1o 20 30 40 50 6U 70

[Ref. 218441 Field strength H (kGauss)

x 10 The critical current density isI xl-T- '- I A
Sgiven for three pseudo-ternary

4I ccxapounds and is plotted againstF the width of the transition region.
- This region of transition is an

7IT6 1727 indication of the deviition from
.17.42 stoichiometry. The numbers

5.4 17.6 , indicate the midpoints of the
d 1. I 1760 r rpgions.

. (a) HbN-.NbC-TiN
I. 4" I (b) NbN-NbC-TiC"'•___j(c) NbN-NbC-HfC

0 Q.' 0.4 0.6 0.8 1.0 1.2 1.4

Width of transition region ( 0 K) (Ref. 21344)
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PRLPARZOf ELECTRONIC PROPER!9'8 INFORMATION CENTER H UGOHES AIRCRAPT COMPANY, CULVER CITY, CALIFORNIA

NIOBIUM ALLOYS AND COMFOUNDS

NIOBIUM-NITROGEN AND 1IOBIUM-OXYGEN SYSTEMS

GENERAL

Nb..N The transition temperature for a niobium-nirer system in the Nb1 .oN 1  "

region is near 161K. As the nitrogen content is reduced to the Nb2N region, Tc appar-

ently decreases to zero. With turther reduction of the nitrogen content, the transition

temperature begins to r;se and approaches that of' pure niobiu!.i.

Two notations have been used to differentiate the various comoounds in the

niobium-nitrogen systems. Brauer and Jander (20714) in their 1952 work assign t:he fol-;

!owing notations NbN(I), NbN(II), and NbN(IIH) to the compositions NbNI cot Vb'i00.95,
and NbN.o 0,7-0.94 respectively. Schoenberg in 1954 uses the following naminr scneme:

a phase Nb+NSB NbNo.4O0O-05
V NbN'lO. 8 0 -0. 9 0
6 NbN•to. 9 5
C NbN, 1 0 0.

- The exact nature of the transition from normal to superconducting state

is in doubt in two composition regions. First near tne NbN'1 .0 0 Schroeder [9655] claims

that T. drops below 1.940 K. Rogener composition data do not show this effect, and two

earlier papers, Ziegler and Young (13390) and Milton (19468), can not claim an exact

NbN.o 00 composition for their samples. Schroeder cites data from Brauer stating that

at lower temperatures of formation, the NbN(I), NbN(II) and NbN(I)A) regions are

broadened by beginning the sample preparaticn at lower gitrogen content.

The other area of doubt is found in the Nb2 N region. No experimental

evidence ýan be found for a transition temperature above 1.940 K [96553. However,

40
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PREPAREDO CY KLECTROPWIC PROPCRTIIKG INFORMATICN CENTdR * HU•NS AIqtCnAPT COMPANY. CULVIRA CITY. CALIFOARNIA

L4
NIOBIUM-NTTROGEN AND NIOBIUM-OXYGEN SYSTEMS

GENERAL

Samsoncv and Neshpor (3.0725J predict Tc X 9.5 0 K for Nb2 N based upon a relationship be-

tween Tc and where N is thE principle quantum number and n is the number of electrons L
Nn

of the incomplete d-level.

The following value is given for NbN, (21847]

dHc2 kOe
-- : -10dTc

Nb-0 Three distinct niobium oxides are formed, NbO (14.69 wt.% 0)_ NbO2 (25.89

wt.% 0) and Nb2 0 5 (30.09 i•.% 0). However, none of these show any promise as super-

conducting mayerials. An attempt to find the transtion• temperature of NbO has failAd

to show a Tc above 1.2 0 K (9695). Below the solubility limit of oxygen in niobium, i.e.,

from .25 to 1.0 wt.% oxygen, the solid solution Nb-0 shows superconducting characteristics.

Samplee up to .75 wx.% Oxygen were prepared by a pas absorption and dif-

fusion technique. In the region of I u-t.% 0 aid above the samples were prepared by arc- L.

melting Nb2O5 with Nb.

Li

41j
t41.
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NIOBIUM-N ITROGE•N

S GENErRAL, Atomic Percent nitrogen :

5 1 20 50 40 50

2500 L *N 4L 4? ~ N

S0C*) i' |20

fbN c (NbN+N' ..

1 1b 13OOs t s.s.: solid solution.

L I Ij
0 5 10 15__ __

Weight per cent nitrogen

r'e'bable phase diagran for niobium-nitrogen system
at a pressure of one atmosphere nitrogen (Ref. 19928)

Atomic percent nitrogen

9.1 23.1 33.3 Ll~l 17.3 50U0
1600

C'0 81400

[ 1200

, I000S800 2--
200

S400 -

0 0.1 0.3 0.5 07 0.9 1.0
Atomic ratio N/Nb

Tentative phave diagram for the niobium-nitrogen systgm.

rPef. 20719J

42

S...... .' . :: • . - : .L• :'•: : -

S. . ... _. •,•' ,• ,• •, ;-; •- ; •• . _

S" , .. .. \ . : ,: ' V.• •-X ;-•- . : • -
S. ... .. .. . • ..... ;,•,,-{;.• : Ž ,



I'

KFPAREO Dy gLXCTROCNC PNOPEfrT IS INFORMATION CINTOIR t-IUQII AI CRAFT COMPANY. CULVIR CITY. CAL-FORNIA

NIGBIUM-OXYGENr

GENERAL

Temperature, T (aK)

1428.5 1250.0 1111.1 1000
1 X-RAY DATA

t i 
. •

Solubility of oxygen in niobium. ;-O I PHASE •/
The x-ray data were checked by 0 x PASEj MICROSCOPE
metailographic e~amination oa 4.0 - 0

two samples: .25 wt.% 0 and 0

00
.ss ot . 0.:~

•) 0 -i

-,•

0. 1 1 , I , 3.9t
? 068 O9 1.0

Temperature, (10 3 /T °K 1 )

Atomic percent oxygen

* 3313M
*�0I03C

S3.3110 Lattice parameters for the niobium-
,' oxygen system. Up to .75% oxygen

3.3090 gas absorption and diffusion methods
41 were used to prepare the samples.

S330,O :Above this •'egion Nb and Nb20 5 were
arc melted together to foym tht

3.3050 ,-samples.

.•, 3.30,60

3 3.3010

Q1 05 U5 07? 09 i 3 5
Weight per cent oxygen [Ref. 21113) -
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r NIOBIUM-NITROGEN

-2GEiERAL

Lattice Constants

At. Phase Symmetry Lattiue Constants (X) Notes Ref.

0 C bcc 3.3014 t .0002 - - 20714
15.q ) tB hcp 3.056 4.956 -

32.4 tetr 3.056 4.964 -

42.9 " tetr doformed 4.384 4.311 -

44.4 1' 4.385 4.332 -

44.14 hex 2.950 ?.772 -

4L.5 fcc 4.39 - 4200 psi pressed 18467
powder, double
sintered.

45.0 tetr deformed 4.387 4.330 - 20714
46.5 fcc 4.386 - Powder sample in

pumped N at 1300 0 C

47.3 hex 2.958 2.779 - 20627

48.4 fcc 4.389 - - 20714,

48.7 6 hex 2.968 5.535 - 20627

50.0 c " 2.955 11.275 - 207114

NIOBIUM-OXYCEN

GENERAL

The lattice constants for monoclinic a-Nb 20 5 are given:
0

ao = 21.34 A

boz3.81.6

"co = 19.47

6 z 120' 2'
[Ref, 174•'4,]
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PRPRDM LCR11 RPAISINFORMATION CIE-TE14 Ht ML4.4S AIRCRAF 11MPAN'. CULVER C r. .LIPORWA i

"1IOBIUM-ti ITROGEN

TRA1SITION TEMPZRATUPR:

Transition Temperature

A%.% N Transiri,'n Triperature Tc (OK) Notes Fef.
Midpoint lidth

Onset Complete €'

0 8.97 9.4 8.5 - 9655t
.23 - - 9.2 Wire, electron b~am melted, 13366

heated in N.
16.0 5.72 7.2 - - 9655
32.4 - t1.94 - -

37.5 3.8 6.1 <1.94 - 9617"
39.1 - - - 10.8
40.1 ... 10.3
42.1 - - Ui.0
42.3 1- -1

.7.2 - - - Powder heated in N to 1450°C. 9695
43.2 - - - 13.6 96i7
494.0 - - - 14.8
44.4 7.12 9.7 5.2 - 9655 [ 1
44.6 - - - 12.6 9517
45.1 8.66 10.6 6.4 - 9555
45.4 15.0 16.2 12.2 - Powder f;b, 16 atm N, 1450'C 187265 hours. I
"46.5 - - - 15.98 -5hours.
47.3 - 15.25 !4.7 - Powder 1300'C N stream. 9•99

47.7 ..- - 14.13 - 9617
48,4 <1.94 10.62 - - 9 5655

8- - - 15.59 - 0617
48.7 - - - 14.7 -

45.8 - - - 14.57 -

4S.0 - - 1b.63 _

Q9.4 15.2 16.2 .35 - Polider iCb, 1 atm N, 1300 0 C 18726
3; hours.

49.7 - - - 15.23 - 96. .7
-"50.0 - - - <1.Sit 9655

15.9tC - - - Armionia 135'.-15000, 20 min. 19468-•- 15.0 I 11.0 - Stationary N, 1500 OC, I hour , 13390
16.0 16.7 14:6 - Nb heated 4-U.5 hours atS500C 13390

in dry N.

A vulues in this column are not identified by their position in the transition cu-re.

S* Sample specs are found c% page 1ý-940
t Sample specs are found on page 5?

'45



AIR FORCE MATERIAlS L1IBGRATORY i_
RES ARlCH AND T~ECHNIL0DY coIVIIONAIR FORC . SYSTEMS LOMMAND 
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PF EPARED be ELECTRONIC PROPERTIES IP FCRMATION CENT&R HUGH1;1 AIR( RAFT COMLPANY. UL%.P CIT.. CA,.IFORN:A

NIOBIUM NITROGEN

TRANSITION TEMPERATURE

Trans ition Temperature
(Continued)

At.% N Transition Temperature Tc ('K) Notes Ref.
Midpoint Width

Onset Complete

.50.9 - 9.C 6.0 - Film sputtered. DC argon 20628
glow discharge in nx10- 2 torr
a" 2 X/sec. Polished quartz
substrate.

50.3 - - 14.47 9617
50.7 - - - 15.30 I
51.2 - - 14.93

t Values in this columr: ere not identified hy their position in the transition curve.

5.i, e-----F--T-,-- a A plot of data from preceding tables,

4 o showing the relationship of latt..ce

0, X constant a-, and transition temDerdture
_4.' - 0 14 u to nilcrozen content. All curves atre

0 4 L oO 112 0 least squares appvi'ximations.
(d A ] 04A41

4 -10 X -a
0 1 .

4~4.0 -1a
i0 T • i9

S3.6 - 7V 3,4 -r -Q " wit;j th e.;att ,, content In duu,1t

T 46
4 i-' 3.2 / (J ] ) It .

3 5 40 45 50
:%Mt_.Atomic percent nitrogen

46i
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RZ&FAR~CH4 AND TfECHNCLOGY 0 1/16!ON J j/ýsT0CDM
A~ 't I, L, P, % L616T 9 M6 CPC C, M , ý

IPREFA^nLu F- iCACii XZ - ,-'., *.PCAF? COMPANY. CULVERt CITY, COLIFORNIA a

N IODIUM-4ITI<OGEN

TRANSITION TEMP'ERATUREL

Atomic percet.t N

A T3 41.1 31-3 23.1 9.1

oNbN

tur tt~ Nb2 N Nb
'A114 btetrý 4- 6iiN+Nb

~ZrI NbýN

01/

9 '0

0
4-1

2

1.0 0.9 0.8 01~ 0.6 0 5 0.4 0 3 0-2 0.1 0

Atomic ratio N/Nb

Temperatures at which the transition region begins at i.e.,
the onset of superconductiv..ty, for the VD-N system.

[Ref. 9655]ITwo conditions during pcr.Praratino~ of niobium nitride afei ;t r,'~,0--;

first the nitrogen pressure and Eecond the time the !;ample is left in the nitrogerl

atmosphere. Th-2 two sets of R;raphs which follow show the effects ef these two para-

meters on the properties of the sam~ple.

I4
1.J



AIR FORCE MATERALS LkORATORY GIPIC

A I M , Q m C E a_._EM__-

v-,I~E E,--F0. . . AF- - i"MPANY CULVEn CIT .CALIFORNIA

N IOB I'JM- K I TROGEN

TsANS!TION TEMPERATURE

50 I - i
: C: 4,5

0 .- 4 0
4-- 0 M

4 -U

OD

0.8 * 22-0.8 , IVQ 6 n.6r4L -

0 0.4 o
L41-A Cj 0.0

~" 0.2 0.2 ~-4F0 0

Q. Cn.
wJ 01

- (N

4 o'~ 0 0

Nitriding time,(hus

41 - -×, 0~i~nc ai

020
00 w0 006

IFI

) anitrdinn timpe,(hours)

The effect of time in the nitrogen atmosphere on

A) nitrogen content

E) o~~,electrical rezistivity
y- - - x. resisiance ratio

C) transition temperature

(Ref. 961"]
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RýItFl1ARC1 AND T[C.1N1LOGY 01 6ON r E r
*'?ZA: ',- 9, L--.--' C--•iC• P iA........ IMPN V MA I UN -N lEN * ,R UrHf.4 AINCNA.71 COMPANY. CULVER CITY CALIFORNIA

NIOBIUM-NITROGEN

TRANSITION TEMPERATURE
I T

. 50
S• 45

r-OI 40ý

(9 0I

1 0SI.Ou •~--'-- ""I
LOU

41 -4

M0o L 
L

0.50 ' 00-0

C4C

0.

Sw

'16 -- I
I0 0

X ;LI0.0 0. IC 100 iNitr'ogen pressure (atm)

The effect of nitrogen pressure during preparation,

on the properties t. niobium-nitrogen systems.

A) nitrngen content

B) o - o, electrical resistivity
- - - - x, resistance ratio

C) transition temperature

[Ref. 9617]
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A IR FORCE SYTMS7914 COMMANO 11

PREPARSD BY ZLECTRONIC PPIOPERTIXG INFOftMATIC'N CENrI'lE. HUQIEB AIRCRAFT COMPANY'. CW-VIR CITV. C.LgFOtNIA

N10BI'fl'-NITRUGEN
16

TRANSITION~ 7EMPEPUTURZ NbN

1 5

Transition temperature as e w 1:4dI1

foi' fcc niobium nitride. 0

41 11
12
4370 4375 4380 43a5A

(Ref, 9617] Lattice constant, a.(~

bA I__

>' Wi Transition curve fozn tetre.gonal

~ r Nb4N. in a 26 Qe field.

0 Ib 4N3 (Ref. 9695]

i0[
0 2 4 6 S I

Temperature, T (OK)

Ele'ctrical resistivity as a ).~

function of tomperature for;

PL) 0.33 .it. N. Hecu~y quenichedIi-

B) 0.33 at.% W, vauu queniched
C) L.64 at.% N, vacii,:" cluenched 2.0 2. 3.0

(Ref. 13366) Tem'perature, T (OK)
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-CANL TECHIJOLOG, :iV S UN_A..q FORCE 9IVSTLM* Q7MMANO J)~L~'-T J~i ~ t. , J LI L=, LFXJU

PREPARED BY CELC'RONIC 'NROPERTIED WLVOA71%)N C9NTZF * HUOMES AtRCRAFT COMPANY CALLV~ft C11 ':ALIFORd'lA

• WMM,

NIOBIUM-.NI7R0O-iLN

rRANSTTeaN TEu•RE TL

4Wi

600

401

20

Ur

Temperature, T %(0K'

Transition curves fzr three niobium nitride samples:

(a) 47.2 atA% N. prepared in nitrogen stream for
not less than 8 hours at 1350 0 C. Data taken
crn warming and cooling.

(b) 44.0 at.% 1), prepared in satic N for Pot less than ,
8 hours et 1200 0 C. Data taken on warming only.

(c) 27.2 at.% N, prepared in static N for not less than
S hours at 1180"C. Data taken on warming only.

L
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AIR FINRCE MATEFRIS L4BORA YRY j

E,,C St ~RlH AND teCHI OLOGY DIVISION

RCA R FOP4CE . iTEMS COMMAND011

PREPARED MY ELECTRONIC PROPERTIES INYFORMATIO'N CtNTER * 14UQHES A:RCRArT COMPANY CkILV.N CITY CALIPORNIA

NI0Bluji-N1TR0GE.4

TRANSTTION TEMPERATURE

biansition curves for niobium-nitrogen systems.

1.0 1 ------ 1.0

(CW

- 0.9 0.8

0.7 - 0," .7 -

4 5 6 7 8 9 3 4 b 6 7

lemperature, T (°K) Temperature, T (OK)

Nb a66,p6 to I-bN and treated 3 hi-s. at Nb added at NbN and treated 3 hrs at

1450°C in one atmosphere pressure 14500C in one atmosphere pressure

argon; hcp structure, argon; tetragonal structure.

" I.______ ,"_ oo______,_____,-_'_"-'__

0 .9 -- I , I - I

E t

-/ .8NbNO42 It NbN 0_94

7 8 9 10 II. 12 8 9 10 I1 12 13 14

Temperature, T ( 0 K) Temperature, T (°K)

Powdered Nb in stationary N at one Powdered Nb in stationary N at one

atmosphere pressure, 4-5 hrs., 1300- atmosphere pressure, 4-5 hrs., 1300-

1450oC; tetragonal structure. 1450OC; fcc struucture.

WARMIF .3 COOLING FIELD (0e)

o 1450

.0 S 1090
A 72.5

I * 36.2

(Xei. 965S]
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CI

PA.IPAR.D bY ELEC1RONIC PROPERtTILS INFORMATION CrNTKR H IUGHES AIRCRAFT COMPANY CULVER CIlY. CALI-If'OIA

NIOBIUM--NITROGEN

TRANSITION TLMPERATURE i'j

1504 1/p1 
T

TIMPIEPAJURE, t6ý0 ~E ~R.U E/~ :
20 ,O/ o

r 7
12 -x0. 146t : Z5 2

2260h

X06 06

""• 'Torn5x1O- 4 Tornt
I I j "_ _.

0 25 50 75 tO0 t25 0 00o 200 300 400 500
Nitriding time (seconds) N5'.tridin• time (seconds) [ ILI

Change in resistivity as a function ofT nitniding time, temperature, and pressure. DataI
were taken at 10°C, P010C : 2.3.96 (unq-cm). [Ref. 21850) i"

25 "3 II I - I 2

3) 2001- otri

0 27120 20 a30 0 -1500I-
e tm ( hrcnd tive asitondo)

Chane i resstiityas afuntionoý- niridi tmethmpreeaibure andtriesasples:at

a. Preparee, ji1 ammonia,

c. Prepared in nitrogen,

0 I hour at 15001C.

14.0 01 0.2 0.3 15.8 15.9 16-0 (Ref. 19468]
TemFeraturc, T (OK)
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LJ 'Pi- r: .I L -
T ýESITION ýNLQ; TDIPISIOU N r XX.-

NIOBIUM-NITR0CGtN0.I

0.4

Resistance ratio curves for • 0.3
four niobium nitride samples.
I 0.017 Amp.

• 0.2
,4)

0.

12 13 14 15 16 17

Temperature, T (OK)

Sample Nitrogen N-Pressure Time Temperature
at.% atm. Hours 0c

1 44.8 1.2 10 1450 - 1500
2 46.2 2 30
3 48.3 9 50
4 49.7 40 45

[Rer. I07:G]

LbO A

I~bI

I Transiticn curves for NbN
0 forned at 1470 0C, under

4 different nitrldirg pressures.

aar
U Nitrogen Presbure (atm)

0.50 1 ) 0.025 6' 32
-2) 0.23 7) 52

S3) 0.47 8) 55

L j I5) 28.0
0 10 II I? 13 14 15 16

Temperature, T (OK) [Ref. 9017)
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PRmPARED BY ILECTRL'NIC PilOPIfRTIES INFORMATION CENTER HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA I
TRNIOIUM-NITROGENMR E

The samples in the following 2 graphs are prepared as follows:

Sample Nitrogen N-Pressure Time Tumperature
at.% atm. Hours °C

1 4i.50 - 150010
2 46.2 2 30 I.
3 48.3 9 50

160FI I I "

"140

100

< 
J 

0

60 . J

1401. 5 10

Temperature, T (OK) J

T'raniritio: zu-rvQ for" a ndol)urn nitui,]e ý,jnipl.c. Th,. r'enult:; of muu,1jr'. -ren 1L[• on the ,. rl
taken at• varirous field and( current cond-1• o*' ir I~n i f2 1.o 1 w nvFIa L A"

II-I -__ ____

bb /



AIR FORCI SYSTEMS COMMAND L P
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PREPARID aY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGONES AIRCRAPT COMPANY, CULVER C;T,, CALI-ýRNIA

NIOBIUM-NITROCEN

TRANSITION TLMPERATUIO ' IISO ' '

120 
160 -

140

1f00 *QA'-• 1120I

0o ,00

1500 e .o S

L.ý

I0 LY; :2.0)e rI. n - ,.,

60 1 -Iiooj60

40 l • ': • • I - 60 L...-.-. .L ,....-L.. ..L.- L...L..-.- -14.0 14.5 15-0 14.0 W45 15.0

Temperature, T (0 K)S~~TvanIltlonl curves for niobhium nitride under various fiehld and current vondit.lons. Sarnple
preparation: L40 attn. pro,•,vre N at lI4!0-3 500 for 'I5 hours. '•9.7 at .% pre• •t. '140

.J J J J •
(Amp) (Amp) (Amp) (Amp)

I 0 .0 * o co .
0 b 1 ]0 A I0 S Al

1510
40 

[I<,1 .60720]

I I

14. 14.5 15 14 , ,W, " . 0. . ,- ,;:, •2
Te p ra u e T. (OX)"'-;' "•i
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PNREPAftlo Y I ,LCCTRONIC PROPERTIES INFORMATION CENYER .HUC-.HtS AIRCRAFT COMPANY, CULVIER CITY. CALIFORNIA

NIOBIUM-NITROCEN

TRANSITION TEMPERATURE

The specifications on the sramples used in the following graph are givaq below:

0.029 inch diamerter wire

As Annealed at 187S0C Electrcn-beam
Property Received for ? Hrs. in 3 x lO-6mm ,Hv. Kelted, 5 Passes

R2 qp . 'd10 %,280 500

'Ic 9.67 9.2C 9.46

054 8 611 390 (1117 1
8A 8.5 8,6 8.7 8 8 O. 9.0 9.1 9.2 9.3

0

.,0 - -

> 05- 8916

o L- -- -- - t•

83 0.4 e.5 e.6 6.7 86 8.9 9.0 9.A 9.2

0. 14 k75tu e ,0 ? 265 15L "

U3 84 8.5 0 6 8.7 86 U-9 90 91 ?.

Tr.'nsitfon curves for niobtum-nitropen svstelns at v:'rlous field strengths. I
Field strength mEasuror in Oe, 13 iudicat,!j or the curve. The dAtj were
taken at 7.2 A/cm2,.

A) .3-1 jt. N AeI quenched

IT) .:3 at.% N, vacuum queche.

C) 1.6'4 at-. N, vWcuLm quenchvI

A.~IJW L :. .
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I .. _ _ . . ,__ _ _ _ _

PREPARED mY ELECT'RONIC POPEIITi~ll INPORKMATION C"NTER * I-UGHES AIRCRAFT COMPANY. CULVEM C•TY. CALIFORNIA

NIOBIUM-NITROGEN

TRANSITION TEMPERA'rURE

100

C 4 C b
'-4

C /Current
I o a) O.C10 :ailliamp

ý0 c) 0.531

d) 10.378

370

200

Temperature, 7 (1K)

Trwisition curves for a Nbil ribbon cut from a 1 mil sheet. R3 0 0  O.19,.
The Nb was heat.d in ammonia at 1550 0 C for 90 minutes.*

-4 6 b

Cur.ent i - "/

a) 0.025 milliamp -4 ez.-

h) 0.100 I • -
c) 1.00 w 1o.o -

d) 9.936

4 1

1II I4.0 I50 0161 h16.4 ,5.9 lotI 1610 16.2 ''

Tomperature, T (1K)

I Transition curves for a 5 mil NbN wire R3 0 0 a 0,2 The VU was hea-ad
in ammoroium at 12251C for 30 minutOe. 1' 1 2

€' Plotted by EPIC staff tReg. !0'15'I]
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I..-PlREPARErD BY' 9-ECTIRONIIC PROPfIORYIC INFORMATION CCNT9ll H .UIGHES AIRCRAFT COMPANY. 4,•.LViRff CITY. CALIFOR-NIA

NIb -N iTROGEN t.

TRANSITTON TEMPERATURE 41-4

--- i0.5 f' C

Ti-ansition curves for niobium 04 0

nitride samples. 0.3
-~ SAMPLE 3

H I Oe 02
0 SAMPLE 4

1 0.017 Amp I ., _ 4

.20 V,
I zero Amp 0-0L - - 0S14,0 !4.5 15.0 15.5 4)

Temperature, T (1K)

;0 Trrsto.cre frnoimntie
r-l 1 1 1 1 I I I I I I Amp

14.120 1

S100 Transitir. curves For niobium n0trile.

-' 80 -"- SM L "-t

< 60t _.L.!.._. JII I_ jzr m

140 14.0 95.0 1 0 1 '50 Amp

2 Tc er4tuke, 1 (K),

"5 9

SamplIe Nlit ro~e n N -I're ,;sur e Ti|me Tempe rat ure
A__t.._ a tr, Hour'• C

1 *d.2 .2 10 I,0 TO

3 ;'. 3 t ,

A1
1 , "/ I; 0 I . L,

1l'eU.,I 1(2L].

I5? I "

I,
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PREPARECr BY ELLC7RONIC PRFPOMETIES INFIOFRMArION CENT[R HUCR.41 AIRCnrAFT CMqPANY, CULVER CITY. CALIFORNIA

--- -- I . -- -- __ n IlI

7NIOBIUM-NITROGEN

TRANSITION1 TEMPERATURE 1.*-

The iffect of current on thc
transition curves of niobium V - W
nitride.

Current 1 (10-2 Amp) Rising ralling ra

1.7 A A 05
_ 17,) V

4.8 V)U
11.0 0

11 • 15- 11 15 16 17

Tempo'rature, T (OK)

(Ref. 96173

NIOBIUM-OXYGEN

TkANSITION TEM5PERATURE

S La.ttice Constant and Transition Temperature

Transition
Wt.A 0 At.% 0 Lattice Constant (A) Tenmperature Notes Ref.

a o  T,_ (0 K) "_

0..101 - 3.3002 0.0002 - Oxygen absorbed for 2 21113
hours at 1000 0 C.

0.124 .70 8.70 Wires were drawn from 13366
eJectro-on-beam melted
stock, then annealed &
outgassed in high vacuum
before dissolving oxygenS~into the sample.

.26 I.4 5.840 15227

.27 1,52 8.0'4 13366
1.32 1.80 7,80 1"

. .7 - 3.31,2 ± 0.0C02 - Oxygen absortbed for 37 21113
houl',s at 10501C.

.86 2.6 7.04 See note for 13366 13366
above.
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PREPARLO BY ELECTRONIC 1OP:ZRTICG INFORI.,ATION CFNTER H IUGI•ES AIR.flAF, COMPANY. CULV'R CITY CALIFORNIA

I.:v 4(j,ýcations on the stnamves used In the fo1 'rg three %raphs are given below: x

0.029 Inch Diameter Wi.o 4

As Annealed at 18751C Electron-Beam
Proporty Received f r 2 hrs. in 3 x 10-6mm HP Meited, 5 Passes

R2 3- .]_ %--0 %260 500,,lOOK

Tc 9.67 9.20 9.46

2.5 1 Electrical resistivity for niobium-
[sxyyen systems. Current density J

1.1 A) 3.83 atA U

1B.5 B) 5.18 at-% C'
8 .C) 1.43 at% 10

.•.0 -D) 6.43 atA 0

0.x 0= cooling

S5.5 6.5 7.5 8.5 9.5 Ii -- i • " i ( /-
6.0 7.0 8.0 9.0 m

Temperature, T (o1K) ,

0.8

• 0.7 -
The normalized transition tcmperature as .-
a function of composition for the Hb-0 i E 0.6
system. 0.5

dT '- --0.-°"a.' 93(
0

K/ "t,,) i 0.4 -d (at.% 0)

o 0. I i' I I -

0 1.0 2.0 3.0 40 50 60 7D 80

[Ref. 13366J Atomic DerT--rt *xygen
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AIR FO)RCE KAltRAIS LUBORATORY -Ei L I,
RES[ARCH AND TICHNO'.OGY DIVIION

I AIR FORCE SYSTEMS COMMAND I
tRIEPARED BY ELECTRONIC POOPERTES INFORMATION CENTEN R HUQH.HL kNI.ApT W 'AP . •i,.V.', ,*.

NIOBIUM-OXYGEN

1- TRANSITION TEMPERATURE

C5 0  1 790  556 30? f
83 84 85 86 87 88 89 90 S1 92 93

1_ 05=
w 5.6 57 5.8 5.9 60 61 62 63 6.4 65 66

10

41 °

Nb+3a3c 01/00

4 5.5 5.6 5.7 5.8 59 60 61 6-2

.0

31.5 Tr- -
j- I0

7A 79 Fn ai 8.2 83 84 8.5

1'0

0 0 _l i P • l•

7.13 79 8.0 8.1 8.2 8•5 8.4 65 &6 8.7 pa 8.9 9.0 9.1 92 9.3

Temperature, T (OK)

Field effect on the transition curves of niobium-oxygen systems. Field
strength measup'ed in Oe, is indicated on the curves.

J = 7.2 Amp/cm2 I 4
graph at.% 0

A) 6.43 amn
P) 5.18 0 warming
C) 3.83 x cooling

D) 1.43
SE) 0

(Ref. 13366]
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AIR FOC VAThRLUS LABORATORY

RESCARCH~ AND TECH~NOLOGY EPVIIO

PREPARED BY ELrCTW~IdIC PRPRININFORMATION CENTER HU* 9ARRr OPN.CLE CITY, CALIFORNIA

NIOBIUM OXYGE2N

TRANSITION TrMEIP~ATURE 7

00 *.

4.1
'V

Cu 6
41 0-3 E 1-

I E (MAGNOO.nZkO (MAG

0 2 4 6 8 10 12 14 0 2 4 6 8 10 :2 14

Field strength, H (kOe)

The transition curves for niobium ribbon with
0.80 at.% oxygen at various current densities.
H JJ and also perpendicular to the wide side
of the ribj)on. Hc2  7.0 0 .l(kOe),

O ann~ealed ®~cold wo.-ked
I(A) J(A/cm2) I(A) J(A/crn2)

A) 0.90 865 A) 4.75 3287
B) 0.550 526 B) 2.90 2007 [Ref. 1E41;93
C) 0.230 22G C) 1.25 865
D) 0.115 111 Dj 0.S5 658
E) 0.010 9.6 E) 0.16 ill
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PREPARED BY EL.ECTROrNc PROPIERTIES INFORP'AT!ON CENTE.. IIUGHIES AIRCVAFT COMr-.NY CULVZR CITY. CAL/FORNIA

NIO3BIUM-NITROGENI

CRITICAL FIELD

The specifications on the samples used in the follo4ing table are given belov:

0.029 Inch Dl'noter Wire

As Annealed at 1785 0 C Electron-beam
Property Received for 2 hrs. in 3 x .0-mm Melted, 5 ±lasses

R2 9 30K
_~ ~ ~~T -00,(I ,20 0

T, 9.67 9.20 9.46

Criticdl Field

Material Tc (OK) Q(pa-cn,) HcA(Oe) Hn (0e) Hfp (0e) Ref.
(4.20 K) U6 Tc 14.20 K) (4.20 K)

Nb 9.'46 .035 15.0 -403 2700 1320 13365

Nb + 0.23 at.% N - 1.70 1480 -403 5000 780 "

HcA is an approximation of Hc fro, the area under the magnetization curve.

Hfp is the field strenh at first penetration.

Hn is the field st-ength when the sample X- in the normal state.

I.
to

a

Critical field for riobium nitride 7

(49.4 at.% N) as a function of 4
II 3

temperature. Sample prepai'aticam:

Nb powder was nitrided at 1 atm
pressure of N for 3 hrs. at 13000 C.. .

13 1'5 16

[Ref. 10726] Ten.peratare, T (1K)
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i

C{

L.
PRIEARED BY ELECTRONIC PROPERTIES INFORMATION CENYER * HUGHES AIRCRAFT CO-ýIFANY. CULVER CITY, CAL•?ORNIA

NIOBIUM-NITROGEN

Threshold field for niobium nitride
CRTC.AL 'IELD (44.4 at.% N). Powdered Nb was pressed

at 43,500 psi and heat-treated in a
110 I I i I 'I " I I initrogen stream for 24 hours at 13000C

and 2q hours at 1450 0 C.
C so90v

Sample R/Rn

70a 0.'

4- b 0.5 L!p
50 c 0.9 [Ref. 18457]

4-
; X

S3 I3 i IIC

0 2 4 6 8 10 12 14 1618 I
Temperature, T ;OK)

14 200 -

Critical field strength resulting from "J
current densities in two NbN samples: 0 --

a) 1 mil ribbon, heated in ammonia at Q)
3.5500 for 90 minutes. !

b) 1/4 mil ribbon, heated in ammonia

at 13500 for 30 minutes. 0
15.s6 15.74 15.96 16.04Temperature, T (OK)

Critical field for 5-mil NbN wire.
- 0 , ,(Rn =0.2).

0A) External field corrpsponding to a field
"I-I from a curent density which raises

S200 resistence to 5Rn,
"4- B) External field to raice resizttn-;e to

= .5Rn.
ý4
4 100 -lC) Calculated from (CS-Cn) for a NbN powder,.

Cs is the heat capacity in the super-
conducting state. Cn is the heat caoac-

"• 0 ity in the normal state.

15.30 15.40 15.50 15,60 15.70
Temperature, T (OK) [Ref. 10754•]
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NIOBIUM-OXYGEN

[ CRITICAL FIELD

Threshold Field

At.% 0 Wt,% 0 Tý: (OK) 0 (ufl-cr) 11YA (00) (U11CA\ H (0e) l4f (00)
(4.200K) - '-' (4.20 0 K) (4.20 K)

0.70 0.124 8.78 3.9 1360 14254 -403 7000 -.7550A 580 590*

1.52 0,27 8.04 8.2 1125 1260t -403 "9670 "1%11600, 350 380t

1.80 0.32 7.80 9.6 1048 1210" -403 mul0300 -.12600** 290 315*e

2.60 0.46 7.04 13.7 840 1070tt -'403 ^11500 %I5000tt 170 200ft

i cA is an approximation of 11c from the ai'ea under the magnetization curve.

L Hfp 1I the field strength at first penetration.

Hn Is the field strength when the sample is in tho normal state,

t3.57 0K
* ,3,85 0oK

**3.9400K (e.i~
tt3.l0uK [Ref. 13366]

RzaIdi.-1 Rec 4tivi"ty and V-pp"r Cr"ITirA_ ripiA

At% 0 ..Rsidua). Rosistivity Upper Criti, ii ield
At.% 0 (u•-crt • Hc2 (kGduoP.)

-4

0.20 0.82 5.4
0.86 3.06 6.6

1.30 5.14 8.4

(Rei. 21039)
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AIR FORCE NAT WIAI IAOW"ROY [ii IC
MILGEAPCH A'.O ?UCHHOLOOV IDIVISIONIM C()MR,1ATp00MAI.R FOIRCC LY*TtWf GOMM Ag 110..... 1~ i 1ji

PRKtPAAOijV SY LKCTM%)NI4C PAQPFhTI' IKiNFORMATION CINTIR H*'I A) CIAF COMft P A o4NY CULVBM C17 eALirr(.mNI1A 1
NI0BIUM4-0XYGEN 7
CRITICAL FIELD -00T

1600 -

1400g 1400
An approximation of the thexi~odynamic 4: 1200 -
critical field Hc aea4)~cino

tarvp~ 0- u lro.1  in approxdimated 'A 00
f'rom Tho ;,,*& 'ndor the ma~netiztatioa VI., So
curve, and ~1 A Jjl(T/TC)7J. Wj 600Nb+ 0.23 of%N~ u\

S 400 Nb + 1.132 6 %Q~~% 0\\

0 ic. 2 0 3 0 4 0 0.0 6.0 V~ DO 8.0 Il1

Temp~erafture, T '0 K)

1200Critictd fJe~id atr'onjth do A function of
1F0 temperature for niobium-oKygonhsysem~.L

70C value. I~re. 133661S

toooAA. )1
A1L A)A)3-~0

0 C .. 3-1200
0,5 0.0 70 S00 80 20 25 100 D)) 0.43 -125')

'Ivn'parnturo, T (OK) W) 0 -1140
r) 0 dagAieuad

C)0 booo .r~iaItoipd

0Oici~.rOoaop tr'avoi fahcAt)fl lniltal oj~o~itra- n) -- I ~ ~ '-,~

tion of the flux into an ele,.tropo)1iehod
NHbu. 99 300.007 wire. Trace A la foj' the cam-
ple in an optiinv.m ptooltion and UVttoms out
no~r, -18 mV. Trw.-a I .n fur the sampin
M Toved 1.11 mm up~ard. Cvnvontional Zatits
N'IQ' Hel * !.80 Oe, 1ic £1360 00, An"1k,"C.

700 -~e [Rf 14562 7'
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P'gA11111 S1Y IL¶1TMONIC P10PB"I"IT4 1,0 L cATO1 11NTE 111318Al
gN/O MATIN CNTE * N O K CIR CAFT COMO ANY. CULV901 CITY. CALIFOANIA

CR T C L6I0R N E S r Cr-iti evil cu vrr nt d en sit j for a Nb- 0
10 system (0.70 atA (I a)s &, function

H04 MC 
o pp2.iad field. 11 1 J.

-4 Vijre (0.30 inc.-iti diam.)

'~a) 0ucg~inseo and ararieala~d 9Ltx0

E) 101RJ.bL~ori (0.035 inchqrs x 0.006 Inih~a)

100 )as Cold workad If r~.(idef side5)

10 1 2L 144~

CriticaXcurreait d',i@±tly foil !lluliuml %ith 0.8, F
0. 0. nim dinfn, vilia, asol~t annialad with oxylitirI ,
atorný Ii r'indun tjoltui. on. loC

U, m inn -.isivi. wire cold wqrkakk With O'IYgal)

111. 0.3 mirn diam., wiro coldI wur~ad with oxygJaii
atuthl n" ifl r11du(II bul ut. l),l2

IV. U.0 min dinin. wiz"si noit amnnvaled wit), paitlyI
uo'jgduygt'. atu'liw.0

0. 1 .A4.

tl'v , iJJ jTz'amovor'u Miold, 11 (IWA1101)
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L~4ALJL~L _j 4. IL
KLKCTRO41C ~ 0.519RI1 INORATO CETA HG& 1.5 ATCUAYCLERCT.CLFRI

CHyN"icontet at,

CriticC ALren CURREity DO-MIa ucto fox~ o1~n.Dt

t4ko 7l Skau~)

4-ndo titin

0.

Cur int ia ciii u rre n t deut o l r ucto foye otr. Dt

w~~~roka atIa týt k.auK I.2
1.i 0.. mm14 dim irppt nJ01O ih(-yeT

at)m ir a ro~ so oul

tom [Ref.

ý:urr nt d ii-tty i
F) 10 1111 Tht it c o
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flAIARLM AND TICHUOLOr)Y DIVISION I
AIF OACK 6YSYSMS4 CaMMAND ~.~:r,--

PflIPRgD Sy U-LSCYONIC PROIIP11TIK NFORMATION C&NTIA - HUG14III AIR~CRAFT COSIPANY. CULVER Cdry. .ALIFOHNNIA

CRITICAL CUJFRLHT DENSITY

logo - ---------- r--i-

Idb+b.43 AT. %0

Nb OUTOASSTL

ANDANHLALED

Aappiisad fIn4d.i 1t

I. Critical current an a function of traneverise aple il.V ta taen at 4.20K.

0.029 Inch Diameter Wire

As Annealed at 18750C Elrcu'on-D*aun
Kfroevt Received for 11tr3. in '3 x-1?.-L2 1% Moted, _5 Lmesoe

Tc 9.67 .9.2u

(Ro.n 1M3O)
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AIR FORCK KTERIAMS W 'BORMtY

P169ARGM AMP T9CI4NOLQQY DIVISION MilIlrF c ,Fo0QA IR FORC9 SYSi. MGu 4ZO1MAND ;i.
PAIIPAR ) SY ItL[CTRONlIC PfROPIRTIG INFORqMATION CENTIrR •HUGH94 AIRCRAFT COMPANY. CULVKRR CITY. CALIFORNIA

SPECIFIC HEAT

S067 Ii

v 00 SYMBOL FIELO (OAUS$1S[

250

+. 033 0 B00
IV1 -4> 750
c 0 o •1000

'.4'
0

_.1 I I I I I ._L __ L._

11 12 13 14 15 16 17 18 190 ZO 21

Temperaturo, T (°K)

Heat capacity 6s a functior of tmlmpeature for 11bri. Tho aampne was prepared
from powdered Nb heated in a nltrogeo at,,oapherc for 12 hours at 1300C.

'I. 0,
4)0.1008

S0.167

Fiold strengt~h, EMu

Heat cap~city as a function cl field strongth at 110 4~. A prowdorid 14b sample

iL,
wau hoatt~d in nitrogen for 12 hiours It 1,300 0C.

[Ref. ?0629]
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AIR FOCE KAMM U •BY I P K(PAA O 6
AIl PORCE 87STIEMS CC,OMMAN 4 m

IJCI Mll R Ci1Th1wi . . ..I - - -- ;
PREPARED NY' RL(CTAONI, PROP|E•TISO INPORMATION CKNTCI * HU0I4ES AiCRAFT CC.MPANY. CVLV8R CITY. CALIFORNIA

NIOBIUM-OXYGEN

SPECIE'IC HEAT

Coefficient of Ele,:tronlc Specific Heat

y (10-4 Cal/mole °K2) :

- t.A 0 1w VT JT, 0.'17O

0.70 1.6.7 17.6
S1.52 16.8 16.4

1.O0 16.9 16.4

2.60 17.0 16.0

Data taken at 4.200K
[Ref. 13366]

NIOLIUfM-NITROGEN

.MAGNET." HYSTERESIS

V -a to --- ".7

-6 Vpo \-v

0 -5N

S0 2 4 kq a

Field strength, H Wke)

SHagnetizntion for NbN as a function of appl~ied field. Data taken at 4.20K.
Nb(C curve is shown for comparteon. g

S[Ref. 21847]
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AIR FORCE NAWMUS jL&JI334 Y *PIC LARESARCM AND TECHNOLC.OY 0 VISION
AIR FORCE SySTrMS COMMANO ID

PREPAqRKC Si £LRCTRONIC PROPERTITS INFORMATION CENTER * HUGHIES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

NIOBIUM-OXYGEN I-

MAGNETIC HYSTERESIS

2000

1000

" 000 2000 0 5000 6000

4; 011 FIELD (0e)

bO --100J

' / Ii
" " ~2000 1

Field strength (Oe)

Magnetization as a function of field strength for the Nb-0 system and Nb at U.20K.

I a) Nb + 6.',3 at,% 0. R K

b) 0.020 inch diam wire, R298°K = 68.

c) Sample referred to in table as annealed & outgassed.
- h + n.70 at.% 0.
Nb + 1.75 at.% 0. . o131001 - ,

S 1000H

4 00 Nb+0.7AT%0 Hc 2

4) 1
I• - -50 0'I I • _ •I I i I ., I * I •

0 l0o0 2000 3000 4000 5000 6000 7000

Applieo field, H (Oe)

Magnetization as a function of field strength for a Nb-0 sample (0.70 at.% 0) showing "

the upper v'nd lower critical fields. Data taken at 4.2 0 K. j

[Ref. 15459] L
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AIR FORCE MATIRIAI LABORATORY I
AIR FOCt~ £.flhFt.! COMMANOr p

-RPAE N flM P&OPENTjLS NOMTO4CWE UH9ARRF OPN.CLE CITN. CALIFORNIA u

SHIOBIUM-OXYGEN

[ DEVICE

7 A 0
_ 8360/

S6 CIo
, 635

E 4000

5-
Tunnel current through a Nb-NbO-Pb +1

sandwich at 4.180 K, at different 4

magnetic fields. Zone refined Nb
was outgassed at 20000C and 20A 3
thick NbO films were formed by heat- C
ing the Nb to 400C i.n pure oxyg:en for 2

2 hours. Lead was deposited to 10OO 2 E D CA
thickness. (Ref. 21733) 0 8

0 , 3 4 5

Field (mY)

N!OBIUH-NIITROGEN

SEMICONDUCTING PROPERTIES

Electrical Thermal
Resi--ivity Conductivity _ eteck Coeffi,:ient Hall Coefficient Notes Ref.

I (U:;-crI) K(W/cm0 K) S(uV/ 0 C) R(10-4 ct43/coul) _

60 0.010- -0.13f' , 3803
200 - -2.0 11599

- - -1.6 Arc melted 14991
- - +2.8 - iAnealed "

200 0.033 - 1- - 1373',
'450 - 2050 0 C 18179

6' , = +0.2d x 10-23 (cml/V2 sec 2 )

6 R 2=e137 n u. - n ,u,

n is the carrier concentrations, v is the mobility.

74
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OFSTARCH AND T9CHNOLOQY O.Vlf ION pcAIR FORC.E !NAT9RMS COMN

PREIPARED By ELECTRONIC PAOPENtTirG INFORMPATION CENTER HUGH96 AIRCRtAFT COMPANY. CULV4R CITY. CALIFORNIA

ABSORPTION 10 - 4

060 -
I. Niobium was oxidized in a .1 0

water solution of boric acid * ~~60
and borax, then the metallic r;2
niobium substrate was dis- C 20
solved in hydrofluoric acid. 1ý

2) Monoclinc Nb205 . 02 L
5 10 !5 20 30

Ab!,orption spectra for niobium oxide
as a function-of wavelength.

[Ref. 17133) 1

NIOE~iUM-OXYGEN

ELECTICAL ONDUCIVITYTemperature, T (OK) Ll
ELETRCALCODUCIVTY1250.0 1000.0 833.3

10-

Electrical con~ductivit~y for a-Nb 2J5
Oxide powders were pressed at 40,000
psi and sintered 1300-13500OC i-cr two j(-
bouUrft. * feaSULedI. uxygeri at

L 0.12 atmospheres 41
U -

0 0.9 atmospheres.

(Ref. 327iij

104

0.8 T +.0' 1ý 1. 3

Temperature I/T x 103 (0 K- )
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AI FORCE '.M U1 LUMw EP-

AIR FORCE GY&TrEM3 COMMAND

PRIPARKO SY rLLCTN0NI• "NCP 'RT'l IlVeSNWU'ml ATOl t:IN -'R A rc•Cer!F CCM!'cr CtJ• .'

NIOBIUM-OXYGEIh Temperature, T (OK)
i000 5O0

ELECTRICAL CONDUCTIVITY i]

Cý (8;

[ Electr~cal conductivity of sintered a-Nb205 at

"I0

10-6 atm. pressure of air after reduction at

the same pressure:

A) 8 hours at 875C1
B) 8 hours at 810 0 C o

C) 1/2 hour at 860c-4
D) 8 hours at 750C M 1\

E) 1/2 hour at 800 0 C 10-3

10-4 L j I
0.m 1.0 1.2 1.4 1.6 1.8 2.0 2.2

STemperature, Tc ('K) Temperature, (103/T °K-1)

2000 1000 (Ref. 5936]

C:

Electrical conductivity for near-stoichio-
metric a-Nb 2 0 5 at 1 atm pressure oxygen.

0lO-3 Powdered a-Nb 20 5 was pressed at 15,000 psi
and sintere.d at 13800C.

104

0.5 0.6 0? 0.8 0.9 L.0 1.1 1.2

Ter,perature, (10 3/T 0K-1 ) (Ref. 78401
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.ESLARCH AND TF.ZHNCILOGY DIVISION II ý Z~vg(qF
Al ft FO.CC SY.TEM. 10.1WANO [

PREPAREDSO Y ELECTPIO-CC 1ft0PER.-lEE INI'OPIMAION CENTER *HUGHES AIRCRtAFT COMPANY. CULVER CITY. CAL.IFORNIA I

NIOBIUM-OXYGEN

ELECTRICAL CONDUCTIVITY Teprtue (1K) i
500 100

11 102 3 1 9

2101

41 L 68-4-JM t
0 62-?

U. 104- 68.90-Jm -

0102= 68-es-Jm

Temperature (103 /T 0KI1)

Electrical. conductivity for non-stoichiometric a-bO~ Nb0 oie wspesdt
PsOO ~i and sintered In air at 13OuCfor 3hours, oxygar contc-nt and electron mcbl- -

lity at 10000C are given below: I

Sample designation Nb-2O, Electron nobility, uP
_____________(X) (cm2/V sec)

6Y-16 4.8632 0.211

59-39 4.9326 0.254[

45-54 4.9558 0.194

64-76 4.9784 0.192 I

68-4-JM .4.99W4 0.228

62-7 4.9980 0.284

68-90-JM 4.9980 0.221

68-88-JM 4.9986 0.231

[Ref. 11168]
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E I X5 97Ks Q) M 0 -z:
AIR FORCE MAITERAIS L4DOITOkY epic

NIODIUKUXYGLNTemperature, T (1K)

ELECTRICAL CONDUCTIVITY 
W0O3

Electri-cal conductiv.ty for rniobium.oxido.

A u-Nb2OS pKowder, presse~d at '40,000 psi U I

and sintered at 1300-13500C for two hrs. Z 1
o Nb2,O5 ning)le cryst-t1.

(Ref. 32741

2
UPD

4' 0

I 40 I 1-X G N0. 8 0.t 1- '1.0 1.1 1.2 1.3[ I ELECTRICAL RESISTIVITY Tornpe~rature C10 3/T 0K-4 )

> II

0A. The effect of oxygen content on resi-

oo 0 dual resistivity of niobium. Data
taken at 4.20K on single crystal niobium.

V4' z - After treatment, 5 ppm ox;ger, rcmained

W -t~. and the content 3iowfl in the graph wais
II 0 -4 added.

Oxygen Gontena, (ppm) [Ref. 19627)
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PIGIAftCi AND YECHNN)Lodý Div~i~ ON_
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%a LEBU\ý U ýV

PREPAflED SY ILCICT19ONIC 1-CoPftR-JED INFOMMAýION CL*'JTIR * HUGH90 AIRtCRAFT COMPANY. CULVKA CITY. CAI.IFORIUA

NIOBUM-OYGENTemperature, T (OK)
NIBIM-XYEN1000 S00 335

ELECTRICAL RESIST[IVITY 100

*00

Electrical resistivity of sintered I
polycrystalline nuiobium oxide with 41-4

varied tungsten content, (Nbi-..W,)205.

o(Nb.OGW.o,,) 2 0 5 .
413

o (Nb. 9c97 5W.00 2 ý)2 05 .

(b M 0 5W. 1 5 ) 2O5 .

4)

Ter~per, Lrure, T ('K)

10K 100 200 Poo.*.....*i'

1 01.0 1A 1.8 2.2 2.6 3.0 SA.

X.O.07 Temperaiture, (103/T 0K-1)

* (00 L X:006\varied tungsten content, (Nbj..,,W,)20$

910.04
X:.5o(Nb..9.W. 0 7 ) 2O 5 .

~K~a! (Nb. 8 5W.15)2 )5 .

0~~ i 2b4 -67.5OII2I3I

Temperature, (101/T OKI1) [Ref. 505F.I
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A201ARCH ANI) TKCHNOLOQY 0VIVI ON I

Pr¶E.AP!0UT BY ~ .ilJrI. FAQ,,jnij' j hF~-;- ic" A.(IJLSE C')RW IITY, CALIFORNIA

NIOBIUM-OXYGEN

MOBILITY

A

I.( - P.Iti

10~

* So

Temperature, T (OK)

Electron mobility ao a function of temperature for
o-Nb 20 5 at dif.ferent oxyecn vapor presatiros.

[Ref. 16662] .

Electron Mo:)Ility

Electron Mobility, Te,,p*rature
(cm2 /vsec) S.ample (oK) Ff.

i07 o-Nb 20 5  1000 19883L.

0.218*I nonstoicniometric 1273 11416b
a-Nb 205.

it This is an average of 2q values ranging from. 0.09 to 0.40 as M2 (0bOx), incieased
from 4.8568 to 4.9992.
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-- 07

Tomper-aturtu dapo; ulrace of the Sqit'aik coocif ).1.
Ciont I Or nonrtol cliotpajtriL -P), G i~ - ')f

;)Uri"Y oxd1ju powder w.¶u ;rrata.1cd tv 20 ,000 p3ti~
arid ninutor'cd f(., 3 hour.; at 1Y)i0"C. UT~p.rturcrr -.- 0. Q
frorr utoichlomoitr'y wnrx- 1'ruduct'J by iotol. 4

ro~ducti. l'uarid tr,1 Iwc.d 24 1tiO(0IO8Cl.7A't iol alt U-04 -

1100%C for uovural dcry4.

oxyit"Ci Ccrutoiit I___ -02

0'L.U~ 0 2W~ 4W~ 600 000 1000 1200 1400
"A 4~. Vdi Tomnprro tur'v, 'r (UK)

'-, crnooli -&ýiur 0xd 
ihvr'I tor-"v cOvgct"rI I,O~J (Hb1 rlttrrd p01

1"b "'Wr

--A- to ?0 w 90 lo "n
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ICIStPIC ANC) TfIIN, OLOY 0 V t ON

AIR PQICp SYliTrIms CUMMANJ 0P

rRIPAAICE 11T KI.jCylCr1iC PROPIRTII~b INPOPIMA-VION CINTRFI * UGH1IL4 AiflCPAAT COMPANY, C.V'..X'ft~ CITY, CALircRMIA

NIOIiIUM-OXYGLN

THIEMOLUMFCI.( PROiI;RTll;S
IMS

Tihciioolactric powor, of i1'itored poly- ;
cry.'talline niobium oxlidu with variod D-

tungston ýontcilt, (Nbj.-XWx)2) 5 . r)10 -At

*(Nb. 91 W.0 9 )20L..714

U(b 99W 0 1)2  ~ f 40

Y 4I (tb 9W* I11 205. A 9

0~~~ ~ ~ f.b 9 a 72

KM (llb.mjW.0b)205.-sl

* (N~j 0 , 02 )O~.Tamptier~turu ,T (or.)

(Raui .59)

HIO)JIUM-OXYGLI1

DIULUN1IC PJLOPLR(TIIL tchaI 5cwr~ii~u'i: r

2 0.02 Q. 2'Q 0101 '0. W 0.02
3 0.31 1 ljl 1. 0.? 2 0

4, 0.0() r().Q it.0
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N 10HUMUH-NJYGL11

[)IFLLCTRIC PHOPUkIILS

0.6

Tarly rar~turc clopcridonco of ,: 2 1

tan 6 of kllb2 0ý' Samnp l 0.4.prc'lra Loll: P r c lcd 0.e4
powdcr:i WOjlu I Irud at 1J50- 4'

It 1 c.

.0 0.2

60 -2 0 6 4 80 220 ZbQ

2SII

500

2110 rj '

270u

1100
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AIR FARCE KA LRU BN
At& gA04CH AND TFCHNGLO(UY DIVIUION EL si
AIRA ronC F. BY &TIM$ COMM ANDU

PREPA~rD BY KL(CTRN,.C rROPCRTILG INFORMATION (CENTSR h NUHEE AIRCRAFT COMP~kNY. CULVER CITY. CALIFORNIA

r NXOIIIUM 1NITROGEN P0LT~

HOONEISI N -RPRTE

NbN

Thu L narioa ape-:tra fo, b1N. Curver. are given for NbF2 . lib- and Nb for comparison.

L 1, lint, intcn-jtlorf. for Hb cmonu

L1 inc Nb WIN NbC, Nb92

'00l 100 100 100
L 11 11 11

L& 0.0 60.5 61.0 62.0

Lf,3  9.9J 9.5 9.9 10.2

4 .6

2.0 1.4 1.48 1.L40
N1 I/ 0.56 0.39 0.39 0.36

NV1.2'! 0.91 0 .qo 0.77
NIV+NV 1.83 1.30I 1.29 1A13

liclativu valutirs ol the var1zitlori of thec Lp i nd Lji lines for equal 1~,6 intensities.

Line Nb NWI N bc NbB2

100 71.5 72.9 . 68.5

L1 37 26.3 27 27.6

[Ref. 153L4t3

84 *



AIRFORCE KATERM4S LABORATORY p~
Pr•-ARCH AND TFCHNOLOGY DIVISION
A IALFORCE SYSTEMS COMMAND

L-•U\1_ U •L=_ -• |

11P•REPAREDO BY ELECTRONIC PRCPE.RTIILS INFORMATION CENTirR - HUGHES AIRICRAFiT COMPANY. CULVErR CITY. CALIFORNIA

NIOBIUM-NITROGEN

PHOTON EMISSION PROPERT'IES

Integral intensity cf L82 bands for niobium nitrogen system, taking LB2 line forNbas unity. 82

At.% N Integral Intensity

6.32 0.68
6.8 0.79
8.1 1 05

10.2 1.10
11.9 1.10
12.6 0.74

[Ref. 16347] L

M emission band for Nb-N with 12.44% nitropgen.

(Ref. 19820]

L

63 62 61 60

Wavelength, A (X1

NIOBIUM-OXYGEN

PHOTON EMISSION PROPERTIES L,

M emission bands for:

1) Nb205 r_
41

2) Nb (cold emitter) r. 2

3) Nb (above i00() -A
[Ref. 19820] 64 63 62 61 60 59

Wavelength, X

85
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NIOBIUM-NITROGEN-OXYGEN

"LATTICE CONSTANT AND TRANSITION TEHMPEATIY,'!

""Lattice
At.% N Atomic Ratio Symmetry Constant (R) Transition Ten.p. OK Ref.
_N/-_ O/Nb a. c_ Midpoint Onset Comple e

4.7 .05 .02 a bec 3.311 ... - -.1" 0/b " _ "-_ M5.2t 6.5 n .9 S655

.12.2 .14 01 aN3 hcp 3.050 4.958 - - - 2071.4

".03 6.02 7.! 5.0 9655

S.38 .07 hex - - - 1.94 -

35.7 .58 .02 hcp 3.030 4.989 - - - 20714

". tetr - -- 6.0 9655

39.3 .65 .05 a .386 4.367 - - 20714 I

39.7 .66 .10 - - G.80 1.6 9655

43.5 .77- .07 4.36 4.329 - - 20714

"" I- 9.9.2 12.7 6.0 9655

46.8 .88 .10 Y fcc 4.388 - - - 2071'1

.08 " - 7.66 12.1 6.0 9655

. •

1.

S . . . . . .. . . .. . . .. . . . .. .. .. ... . ... .. ,i. .
. • •'.i ~~~~~~~-- - " ,,. ... ?" . ,-, , ? ." .• "



AIR FORCE KATERL4IS LABORATORY IF7 IC U: ~ ~ --
" &SEARCH AND TECHNCLOGY DIVISION 

ýr

AIR FORCE bvrtIMb COMMAND n cr~ rI- Uý
PFICPARWrO BY kLECfTROF41C PROPERTiEG INFORMATION CENTER H U(;IHtg AIRC.AAFT CCdPANY. CULVER CITY. CALIFORNIAU

'71
NIOBIUM-NITROGEN-OXYGEN

TRANSITION TEMPERATUREL

Nbo05I NbNo. 7 5
0 0.C3I

06I0'

3 4 S 6 7 5 7 a 9 ;q I

Temperature, T (O0K) Tenperiturc, T (0 K)

to.

4-9 --7

09- Q-..-- 1 ---------

E .10

NbK0. 7 G

06 Q6 b K80j101
6 7 u I 12 13 5 G 9 t0 ?I

Tenp*erature, T ;uK) Temperature, T (OK)

Transition curves for rliot)iufn nitride with residual. oxygen.

7I,
field (0e) Warmning Cocl in9

l'45 0

72.5 A A.-

87
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E r NIOBIUM -NITROGEN-OXYGEN

CRITICAL, FIELD

so- 30

c @

30o 5005

ýCrticl feldfor niobium-nitrogen system with ressidual oxyren. Schr~der's data on
~njobium nitrogen systems was supplemented by these data with residual. oxygen'. Some of
the procedures used in the preparation of the NbN samples were eliminated and cqxygen re-
mained in the following amounts:

- 1) Nb -

2~NbN O.OS00.D2[ . 3) NLN 0. 1,0 0 .03

4) NbIN0. 9

5) NbNo.6 6 0~0.

.6) NbN 0.8 0

U - ) NbNO. 7 7 00.0 7
S- 8) IjbNo. 8090.08

I [Ret. 96551

88
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AfR~ FORCE SYSTEM$ COMMANO I
PF-:P~ED Y EECTONI PPOPE71E INORMTIO CETEPHUGHES AIRCRAFT COMPANY. CUL.VIER CITY, CAL1IPONNIA

I ?IOBIUM-NITROGEN-M Nb IT

v TF/iNSITION TEMI'ERATURE i

10-5

.0-

"405
+j

- 0 "b I Q

I iO Nb0 l

Trairtjticoi cur'vcs for niobiujrn-nizroF'cn systerm with adlditioiaal mt-tals. Strips of niobium
2mm ), o-. Oirn ucru alternated with 1-i. 5min x 0. 3 5-nri stripZs Lf the Laddit jonal mretal, These
sarnp;Iei were ruijud an-i hooated 1 -2 I~u~at 1700'C in v-acuum. Thur. the diffuzsed rietal i 2
specimetis were b'ated in nitxregen at 30-40O atmo:;phern of p-cssurc for seven h~s

2) NIA + Zr
~)IUN + i

' VFIR % 7
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NIOBIUM ALLOYS AND COMPOUNDS

- NIOBIUM-MAGNESIUM AND NIOBIUM-ALUMINUM SYSTEMS

GENERAL

Nb-Al Three distin'.t compounds are formed 'n the nioblum-aiumilnn bincary system;

Nb3 Al in the B-Wolfram phase, ib 2Al in the o-tetragonal and NbhAl3 in the tetrafo'n;i].. 1he

data available for tbese compounrds include transition temperature, critical fivld, m.ig-

netic hysteresis, ant, magnetic susceptibility.

Lattice constants and transition temperatures are given for four Terna;ny compounds;

Nb3Al 0 . Ge0.5, NbAl Sbl1 -, and Nb3 Al Sn with 8-Wolfrm structure and Nb 3Al C in the

6-manganese. The nature of this latter structure is not fully understood and the lattice

constants given for this material are those for the hexagonal subcell of the H phase.

Johnston, et a!, [Ref. 17803] claim that the B-manganese structure is favorable for the

occurrence of suDerconductivity, however, in the niobiun-aluminum system the 6-tungsten

structure gives better results.

1-8f
IrraJ$ation with fast neutrcns 1.5 x 10 n/cm? increases the critical current

density, [Fef. 15568]. Primary flux O.',-4.O heV. 5J/n t ( /cm2 = 1.75.

90
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NIOBIiUM-RAG141,L1UM '.;IsTi;M
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N IOB I Uf- A LUM I HUM9

TIRAN.JIfION 'jEM IRA'I IL

r-I- 1L

V, I
7Ž 74 8

Atomic percFent Niobium

Tz'ansitjon ternpcrature for a Dressed, sint,:red, niobium-aluminum alloy as a function of

niobium conitent. [Ro~f. 19482]

1 - reŽsse d powder, presintered. 8"LJI Ir . at 1 "'0" in )fl"\

2 pressed powderwithout f-4

presinterinR

3 -comnpact granules~, without ''L'

presintering

64 LB 72 T6 so 64

Tri~jtin imi.,ratre cr iobizn-iumnumAtomlc percent Niobiun

Tr-nsiionzem~raureýorniciui-aiminm lloys as a function of a-to-mic percent nxo-

b iufr,. Raetz and Saui- clairi a hip~her Tourity for the samoles prepared froT~.-nA.' th.2io

those prcpared from powders. Th;eir scsm.-le prepar-aticns show a l~wer absor-jtion of v-ase-,;

by the pranules. 
[e.101
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PREPARED Pf ELECTRONIC PROPLRTiES INFORMATION CENTE1 NU41,kS AIRCRAFT COMPANY. CULVER CIT',. CALI-ORNIA

NIOBIUM-ALUYMINUM

TRANSITION TEMPERATURE -. I

0

4.J

Transition tempe.'ature~ as a function of e- I

sintering terperature for a pressed, 7 _,,__-

sintered nobýi.-T.-aluminurp (Nb 3 Al,'
powder. [Ref. 19482]

114

13 L
'200 1400

Sintering Temperature 0 C

0
_____ Transition curves for niobium-aluminum

WV 4MPb 672 -s . 707 alloys. The niobium content (at.%)

o - present in the alloy is indicated

I j on the curve. Samples are arc-.• ~~melted from,,- a Dr-essed powder

"without presirtering.

5S2 Isis13 6.0 16.4 6.0 11.2 17.6

Teiperatkire (°K)

o I 0- 4 ••.lI4 ['
V J 69 _0

Transition curves for nr.'OD ,-aluminum y 2"AoI

alloys. The niobium contert (at.%) in ¢ 1
the alloy is indicated on the curve.

Samples are s'ntered fruo 0

a pz'rsed powder. M.e 16,2 fe 17.0 174 17.I T

Temperature (OK)

(Ref. 194k2]
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PREPARID BY ELECTRONIC PROPIRTILS INpFORMATION CENTER * HUGHES AINCRAArT COMPANY. CULVER CITY. CALIFORNIA L

41
CRITICAL FIELD 0Soo

I - pressed powder without presinterilg_ 4 -

(70.7 at.% Nb) 39-------
4D

2 - compact granules without presinterirtoo • 2.-

(75 at.% Nb, Nb3Al) IO , .

3 - pressed powder presintered 1 hr. at .U

10000C in vacuum (75.5 at.% Nb, Nb3AI) .4 0 II
For this sample 6Hc -40 kOe/°K Temperature, T ('K)

Critical field as a function of temperature for niobium-aLuminu, alloys. Samples were

arc-mte tcd. ikof. 191,2.,'

MAGNETIC HYSTERESIS

4-,

The change in magnetic hysteresis 8 as a d

result of fast neutron irradiation of
a niobium-aluminum alloy. The sample

was arc-cast from powder. Before ii "• . .
irradiation, the magnetic hyster- o A-e~zis 6 of the samwle, was equal

"to 60 Oe in a 40UO Oe tield.
Primary flux, 0.1-4 MeV.

C-)

[Ref. 15569J -J----- jGA,. Wo1.in" Iog

Fast Neutron rlux (n/cm2)

7 irnlau~on f Appiied Field (oe, Lrradiation^)
flux (r./cm)l 20WQ 3000 4 100 0

Magnetic hysteresis foi arc-cast Nb Al.
187 123 Primary flux 0.1-4 MV. 3

3.5 1017 311 205 147 [Ref. 17820J

-0
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PkIP&R~fn MY ZLLTMONIC PnFOPfjRflft INFORMA7TQP4 CgFiTtri- UGI-P&A:IRC1RAFT r-OMhPAre'.. (.UI1Vgl CiYý.. f-AIFjtI 3
OIb I UN-A LUMI NUM-M

TFPANtk;JIT0 TI~mKF;ATURL

La3ttice ýons.tant andl Tranmit ior,~n'r'tr

ruyrmuld Lattice_ Constant (A) Tranf5Atton

tOh, A] )C A-mangpijnu!,c 2.G'7 8.02 4.2 Silnl ot-ed and all 1 7U0 3

S u 1)C Cli in vaictuwu Jurn;ice

111) Al (; , P-tur.1'",tril I",i 1. Powdur- prc.;.cd 131 .~

~.ncc3 3 [31-

1)3 Al 31'7 --- - 7 /-1JJ

---------------------------------------- ---------------------------------------------------------

A Ium iinutr. U( h~u-. J t30,C 16 hour:, 1 200% hcjurzo 15C00c

Coo C 0t

50 J7. -. -

*O0i 1 ).9J.0 0.2 1- 10.0 0.2 --

.01, /.U 02 *- 17.q 0.2 - -

.1? 113 -- ij* 0.3 Of, - 0.
-- -- -- ~ ]7 ~AA0. -- -

.12 o*- t- 1i.2. 11, 0.3C ~ ~ .: i
1ý 7 'j0 l9 0.7 .7 131 .'

Yic ;Ih width of .10, frnirod n rogorn3IIU'.a All0~ p wdtered sapl ven had the n fulvwjn
excejpv as ftcllws: I not prus:;(d bolor'or slin-cering, Ah siatered s~ip)o w.--I retirod.

value4; a. ýj276, 'I C 7 .30Y, AT ' 2.6
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-RPACUMYJILICTONC A01-KTe. IPOIATIINCITE HGH6AINRpr ACOh4ANY. CULVffO CiTY. CALIFOOP.FIAI

NIODIUI-AW.MINUM- M1

JRJNSITION TLM?LRATURE C)

oA
5, 3v II

10 TN~~~~ns~ 14-nn~u -au~n T

Lattlcu~~~~~~~~~~~ c950t0o omo ~ i lo a uctl~~
Vi~~EO19 S bA~np bA. 0 1200

5.aMJ)let. WrO" Tpreued and tinxercd aIt tg-.Tper-oture&- iridkated.
14AGLTICSLJ('LP~i3TPIY(Ref. 13155)

-0-UNIRRADIAYCO

8-0.- -515.10.O THERMAL NEUiTRONS/CPAZ

V

F,'~ij Ity al I'ca t Od

977



S CUPJZENT 'ýENSI IY

AIR 
-- -aI McA - - -- - -

I I I-

7, 1

'7 1 879'K' 4 • I0

I.

.
* . .,!

II I II II II II'

4 7lo 20 40 70 100

[. -Anpiiea field, H WKe)

Currenit density of Nb Ai as a function of applied field. The powdered samples, (70 par-

ticlps) were ground from arc cart inigots and irradiated by thermal neutrons. The ~m

ples contained .321 at.% U.
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PREPAftRO BY ELECTAONIC, PROP •RTIai INFORMATION. C-INTIR * lI.uOigij AIRCRAFT CC.MPAN,. CUL.VKM CId Y. CAL1O1ktIA

NIOBIUM-SILICON AND NIOUIUM-PHOSPHOROUS .RYSTEMS

GENERAL
Nb-Si Until recenitiy none of th,; niobiun silicides showed a toansition tempera-

tur'e above 1.20KW. The 1963 paper of Galasso ard Pyle [Ref. 21256] reports a Nb3S! com-

pound, with an ordered Cu3Ai structure, to have a Tc of 1.50 K.

In a 196b4 paper, Gold oresented an empirical method of predicting the transition

temperature of superconducting alloys and compounds. He claims that if Nl, 3 Si were to

assume a 6-tungsten structure, it would have a transition temperature between 22.6 and

30,goK.*

'One attempt to form niobium and silicon into the B-tungsten structure was made by

iHoileck, e* al. They began with 6-tungsten Nb3 Sn and added niobium and silicon in a 3:1

ratio. The samples were hot pressad and sintered for- 50 hours at 16000C. For composi-

tions to t0 mole percent Nb(3)Si, the N.b3Sn-Nb(3)Si sys t em was ornogeneous. The lattce

constant at the 50 percent point was 5.25 A. Projected to a possible ý--tungsten struc-

ture, Holleck et al. claim the lattic-: constant for 1;b3Sj to be 5.19 .. Tbere is fur-

ther doubt abouz the exiszence of this pha-.e since the Nb5 Si 3 phase will suppress tne

6-tungsten structure [Ref. 214571.

Nb- 0  ilo transition temperatures arc reported for the niobium-phosphorous s'ys-

tem, Hcwcvec. electrical resistivity data are given.

Y Yhe 1.20cK values come from [Refs. 96q5 and 9293]. [Ref. 1221)5] gives thv lowest

temperature measured: Tc = .02'i<.

C• Gold, L. , IIYS. SAT. 'Q4! , v.4, p. 261 (1

99
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I
* IhC3IUII-SILICGt4 t

Lattice Constanc

Lattice Constant (A)0
arAt,% Si Formula Crystallography 0 o Ref.

25 Nb3Si cubic: Cu3 Au 4.2ilt -- 21256 I
37.5 Nb5 Si 3  D88  7.*36 5.248

"" -Nb5'i3 tetr: Cr5B3 type 6.570 1.884 211'16

"6-NW 5Si3 tetr: Ni 3 P type 10.018 5.077

67 >NbS C40 4.785 t 6.576 t

.005 .005

-Scihachner, H., et 31. -H. CHEM., v. 85, no. 1, p. 245 (!q54). -

T ao = 4.207 HCI transport method of preparation [Ref. 21843].

NITOBIU8-PH,)$PHOROUS

Lattice Constant

Lattice Constants (A)

Compound a0 0  B mtr2 Ref.

NbP 3.334 - 11.378 - tetr.
SNDF2 a.o~8" 3.258 7.529 119 8OBI P monoclinic 2 .8

B' Dol~ler, H. and L. Partne. AC'A.CKYST., v. 16, p. 1095,(i,3).

I'
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NIOBIUM-SILICON

GENE PA.L _________0__

SNb, Si N b~sis

I24800 C Nho Sj3 4
LIQUID LIQUID

Nb Si,

E-2000 9300C
L.. .

++
1600 LIQUIU

SN: NbhuSi Nb, [312jII "°°UI|

uysem 50%S Nb()S a0s 5.2 A dthqrb
1200

Nb•°i2

80 L I
0 20 40 60 80 100

Atomic per'cent silicon

Phase diagram for the niob8um-silicon system. i observed malting DOints.
'Ref. 2142i]

÷.151

SNbsSn 20 40 6 0 N0•5)S;

Mole% Nb{ 3)Si

lattice constant for the Nb 3 n-Nbt3)Si system.,-,- 50% Nb(3)Si a.)- 5.25 A and the pr-ob-

&ble lattice constant for a e-tungste"' Nb Ci is given as 5.19 A.
3 (Ref. 21457• i
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NIOBIU14- SILICON

SEMICONDUCTING PROPE2,TIES Sericonductiug Prp.ertie - ,

Electric=.-l

Pe.jst ivit'f Tnecrn'electric, EMF Hall cuefficient

P, o -cm ) uV/ 0 C RI_ "l (cm 3 /coul) Notes Ref.

N I) S18j793

21. 5 .13723

50.'4 (CL) + 14.. -. 77., 16 93

_ _ (S ) 1 3 .6 _ _ N b S i 1 4 9 9 1

arc-mielted

-- 13.7 -- ~i2
annealed ,

8.74 NbSil.95

arc-melted

-0.3 NbSiI 9 5

annealed

12.4 -- NbSi.o .

arc-melted
11.57 -- bSi2.0S

annealed

*Hall mobility :ts 12i.5(cm 2 /q sec) n

NIOBJUM-PHO•. PHOROUS

ELECTRICAL RESISTIVITY i,
Ripley [Ref. 110721 reports the formation of 6-14bP with the. foilowitp percen t ages;'

Nb-74.4% and P-24.9%. Tihe electrical resistivity is reported in the table Leiow.

0(.1-cm) ]i

1. 7xlO-3 I O.4xlO-3

102
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NiIOBIUM ALLUYS ANU COMPGUNLS

h1OBIUM-SILICON

PHOTON EMISSION

Integral intensity of L bands for niobiun-silicon compounds, takiny. L line for

Nb as unity.
Compc and 

Intensity

Nb5Si3 0.60

NbSi 2 (w/impurities) C.99

(Ref. 16347]
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NI,.BIUM ALLOYS A11D COMPOUNDDS

NO1BIUM-SCANDITU, NIOBIUM-TITANIUM AND NIOBIUM-VANAD!UM .YS. •ES

,'ENERAL

Nt-Sc Tf.L transition te;.perature given by Hake, et al [Ref. 10713) for Nb-1.'Sc

is greater than 4.20K. This alloy wao formed by melting the ccmponent3 in an ap-c-fur-

nace on a water cooled copper hearth, inverted and melted at least six times. Rapid

quenching resulted after the arc was broken.

The critical current density measurements were taken on a cold rolled

alloy reduced 8A%. J is determined by increasing I until a slight voltage is noticed,c

^0.25 PV.

Nb-Ti The niobium-titanium system assumes a cubic structure except in the titan-

ium rich region, 75-80 at.% titanium. The transition temperature shows the change of

phase near 89% titanium and extrapolates to T = 0.5 0 K for non-alloyedtitanium.
I c

The difference between He2, the measured upper critical field, and He2

tne upper crizicai field from the GLAG theory, is discussed by Shapira and Neuringer

[Ref. 21646J.

Nb-V The niobium-vanadium system assumes an alpha phase solid solution through-

out the entire range of vanadium compo3itions, and the lattice constants for this sys-

tem decroasc linearly from, a 1v 3.32 for niobium to a 3.03 for vanadium. The transi-
0- C

tion temoeratures have a value of T 9 1Y, for niobium, reach a minimum of T '• 4 0 K andc- -- C--

tYhn rise tc T 'v 5` for vanadium.

C -j

c0



A IR IORCE 8Y6Th~A! IOAM NAOaY [fJii-

PI~EARIOUY C~CTMNIC RVPRING INfORh4ATION CtHTKIt * HUGH(aS AIACRAPT CC-A.PAN%! IJLE. CITY, CALIFORNIA

NI~bIUM-fi•ANI.N c~w".c p~ri.e!,t tit~-nium

Q0203040 50 60 70 So. II) 100

G E N F R ~ L2 ' 0 e o 2 4 1 C C ;Y Th

2200 L+2'

100 16001
900 14002

E 210001 00
400 D 1 0 20 30 40 50 CO 70 80 90J '00

F" 500 . j elgrt percent titanicrr.

1-200 Ws MCUPVE Phase diagrc;ri for the n io" iun-litari-aum
1 Q0 1,- sys-err. The pha~sE chang( s frcir.L 0 a0 90 100 phases in the titanium-rich regicn.

Atomic percent titanium Le.241

titaniuml~ pnasedlagran., sliowing the

.~t' c~v;. [R~ef. 12583]

3.!00

3 2

0 20 40 60 SO 100

A.tomiic percent titanium

Latiiceý parametE~r of tr~e - i.Dbiu-ii-t ita;i~un, syster. as a function of titan,3um content.
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"N NiCBIYM'--VANADIUV, Atomic nercent van.dium
G E CE RA L 2200 "0-T o

2400 * ---

I I

Ei-

1600 L
Phase diagram for niobium-ranadium 2 1400

system, i. 2•00 F a SOL;D SOLUTION J

1000 i-

800
I I I I I I I _ . _.

Nb 10 20 30 4C 50 60 70 80 90 V

Weight percer' vanadium

[Ref. 21466]

3.36 , T I I

3.32'

328 . I -attiCC Constants for then3.24 Systen. Niobium in sheet or pellet forr

. powder, was melted wit-h sheet vanadium in.L an a-c furnace. The alloys were remeited
31 30 three or four tl:ies to increaneadimo-

geneity. Data taken above 350 0 C.
o0 3.16 .

S[Ref. 21466]

" "2 ~3.12V t-

S3.08

3.04

3.00 I I I L ,.

0 1 0 X03 40 50 60 70 S0 90 M
, prnvV

Atomnic per-cent vanadium~
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NIO3 UN-TITA'IUM 12 ,

TRANSITION TEMPLRATUIRE 0
'.5

boF 0

Transition temperatures for the niobiur-titanium .ystelm. r

5howing the phase change.L
4.1 4

[h-er. 1258j] ;

~. 2I

0 0.2 0.4 0.6 0.8 1.0

Atomic ratio titanium I.

9 Transition temperatures for the niobiurn-titanium 1
M •system in the titanium-rich zone. On ex-

7trapolation, T 0.5 0 K for titanium'.S7 c

r 5 o slow cooled

•,- " water quenched 1
"• I ~[Ref. 12583] 1

t 43

1' 50 60 70 80 90 100
Atomic percert titanium -

4-J 101
Transition temperatture for the niobium- . . ,

titanium system. I' I

a 0
o H 5 (KOO)

x H :0 "1

[Ref. 21849] 0 20 40 60 80 10C

E_ Atcaic percent titanium
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F NIOBIUM-TITANIUM Temperature, T (CK)
U 3.16 4.47 5.48 6.32

TR•NSITION TEMPERATUFE ' I ]
hcp

4- Ti.9 Nbo 0o

Transition curve for single phase hcp
Ti 96Nbo.ou from permeability CL

measurements

[Ref. IS532] -
0 10 20 30 40

Temperature, T`2 t°t)"

Lattice Constant and Transition Temperature

0 Transition
Lattice CcnEtant (A) Temperature

AtA. Ti S tmrnry ao co Tc ( 0K) Votes Ref.

""S) h1-x 2.93 4.57 7.9 at the B-(.+8) 115 2

boundary

9,:.5 hcp 1.5 arc--me'ted, cold 1',3± _
rolled, annealed

6500 C, 2 hours
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S7 -

Transition temperature i'll niobium- E

LFef. Arn'ic rr-i 0aa~u
~. Nb '.2 0.4 0.6 0.8 V

NIOBI'JM-TIT ANIUM

CEITiCAL FIELD

0 20 40 60 s0 00

14()

;0

Filteghncesc to restore resistivity

_~'100 totitanjim-niobi-ur samples. T' e data are-U

~80 -

[Ref. IS320J

40

20K

50 4.8 4.6 44 42 40 1
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I; I L:C b y I T HC- m H

CR'ITICAL FIELDV)

S30

Upper crtitical field an~d resistancza mr'1r,1ro

forF', N Ti .1' i-by ann~ealed witi, a

s aj~ mouritý of defects.- I

X -resý'stance m~inimna
{these wilprot-ably extend irnt- the shadcd are.ý)

H CF

2 4 6 8 0

LP2±f. 21841] 1neaue I (OKI)K

71 120

100
U,I. - doJ A ND-5.? AT.% T1

Z 60 0 Nb-32 T I

~. 20

0 0. 0.2 0.3 0.4 0.50.607 0.8 OiD 1.0

11;e uppe'r critic;al ium-. a.nd, threce niobiJum-titaniium alloys.
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N0iU -TZAtj UM

Cr-IT-o-iL FIELD £0~~--~------ I-

' 60 N1

Critical fie-ld for Vib-Tj". Data taken
2 %.

at .J =I to 1li Anp/crr 40

H 82 k~auss

-~ -H_ [f 2  20-
C, T

[Ref. 11689] Temnperature, T (1K)

10!
o Nb COLD WORKED

'0C9 0 Nb A~NNEALED
L ~4 Nb 3.8 AT, %/ Ti COLD WORKEU

G GCRKOV 0~ Rb WAT. % TI COLD WORKED
0 . 6 Nb 34 AT. % Ti COLD W09KED

_ 10o Ne56 AT. % Ti COLE) WORKED

SHAPOVAL-I

(5NZCURG~

0 0.2 0.4 0.6 0.8 1.0
hed-urcd TlemperaLUIxC, t = /T

VICo uj~per' cx itirxý. fiel~d ratio for nicE ium-titafliumf.
(Ref. 15470]

1±1 K
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r ~ IT 12 1U ~-T i YAN IUx

* CHTIICAL FIELD

o0 10 0 1 11 1

101 0-1 CBw

C4 1 1
(I I rk

IQ,

0 21 0-131 10 2 4 E 0 2

Trarsitor. urvs fo ribiu + 30 aA~ ttanum, ib~p .

.0-alc col woke

F .3-15 l .33 15L0

0 2 0.081091 1.4 0020 4 .6 a IG 2 1
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C},ITICAL FIELD

El2ct, ical Resistivity and Cr-itical Field

Rolled Sample 3

At.% Ti (P;-crr.) (k~auss)

=-5 6.8 33.2 39. 9

12.0 51.3 58.7
19,• 0 58.0 54.0

30 30.6 104.4 112.0

lo42:2 ±23.0 129.0

6s.5 58.7 114.0 146.0

70.0 79.4 137.C 140.0

75.0 98.5 112.5 116.3

80.0 97.2 98.0 108.0
90.0 63.8 38.0 44.8

48 49.3 125.0 --

57.3 5J.8 137.5 --

62.3 03.0 l'!5.0

66.9 7B.3 --

70.0 95.7 136 2 --

[Ref. 11924] -

• r data taken at J = 10 Anp/cm 1.2 0 K

t 10 at.% titanium alloy: p z 13.G 0P-cm, Hr = 25.1 kGauss (Rtf. 16589"
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I 1

Critical cuvrent density for &niotiurn-scandiur. 4." 1N LJ

alloyv (15 at.% SO.1(4

iI rol iing. p2dr~e I-4
0 H 11 rolling plane 41.2 0K L

10
[Re.-. 10711_]

1~0 .5 10 15 20 25 30

Field strr :Ith,' H (j"Gauss)

E K x1=
a,o Ii o 5 (K~e)

ae 2

"& tomic. Dei cent titanium~

Critical current density for thc niob)ium-titanium sYstem. Data taKen, at 50K.

[Ref. 2j8'49]
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NIOBIUM-TITANIUM 05- - I I I

CURRENT DENSITY 104i.

Critical current denqity for niobium + '" 10 o

3.0 at.% titanium for different field
$4 04 10orientations. The field, H is per- 0

pendicular to the current..H

0 cold worked ri-bbon H I wide side .,q

2 cold worked ribbon Hllwide side U r

* annealed wire
0 I 1 3 4 5 6 7 8 9 10 II 12 13 14

[Ref. 15459] Field strength, H (kOe)

I0• '''' - •

!0

""170 Critical currenT density as a functiun of
"•104• field strength for a Nb-lO at.% Ti alloy

reduced 62:1. The data were taken at

Sr.=4.2 0K 0 is the angle between the

P C field and the rolling plane),
" 103

[Ref. 15344)

0 4 8 12 16 20 24 28 32

Field, H (kGauss)
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PRtEPARED mY ELECTRONIC PROPERTIES INFORMATION CENTER * NU(;t-9E AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA f "

VI0BT0M-T'ITANIUM 0U "

CURRENT DENSITY,,
6

COLD
"WORKED

Critical current density as a function of trans- 4.r
.,4

verse applied rield for Nb 10 at.% Ti.

Dat.a were taken at 4.2 0 K. 1 02

:3 0
[Ref. 16589] = 6

o 4
4.j

ANNEALED
F4 AT 11000 C"i FOR I HOUR

2

20 30 40

0 Applied field, H (kGauss)

>4U' . ..oo:,. 1,
14 9:I 1! ,< F. Critical current dencity for 35 Nb-65 Ti alloy.

1 The data were taken at 1.21K with h parallel

o - to the roiling plane and perpendicular to J.
.I 17O The samples were cold rolled; the thick-

4-1 ness reduction ratios are indicated

U 10 j.• on the curves.

L , ., m [Ref. 15320)
0 20 40 6O 80 100 120 140

Applied field, H (kGauss)

11



" E Lrf-[F940 97P (ý N 9

AMR FORCE KAERM LAYEi
RESEARCH AND TECHNOLOGY DIVISION I M
Al I FORCE .YSTEMS COMMAND

PREPARKN BY ELECTRONIC PROPERTIES INFORMATIO" CENTER * HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA L
NIOBIUM-TITANIUM

CURRENT DENSITY

cIJ

10

4) E;
r. U

0.

4J

I~ I l I - ,! ,

0 20 40 60 W0 100 120 140
Applied field, H (kGauss)

Critical current density as a function of transverse applied field.

1.20K '4.20K

* oNb 3 Ti7  0.010 in. diaxn. wire

£Nb 3 9 Ti6  0.0051 in. diain. wire

* oNb 5 0 Ti 500.0016 thick strip reduced 27/5:2
.0.0by cold rolling, HiI rolling plane

--- --- --- -- Nb 7 5 Zr 2  for comparison

[Ref. 15320)
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NIOBIUM-TITANIUM

CURRENT DENSITY

48 oii i -I I 1- I''ll"T

4 J

10 E

S,•32 - JJ. TORD

U J 11 TO RD -,j
4J '. i

4 J 450 TO R D

24•

,16

00

,1 1. .. ••1 I 1 A

80 120 WE0 170 0 10 20 60 100
Field orientation 6 (degrees)

Critical current density for three Nb-40 at.% Ti alloys as a function of the angle between

applied field and rolling plane.

H = 30 kGau3s

T = t.20K

J R.P.

Hi

240 1 reduction [Ref. 15344]
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NIOBIUM-TITANIUM 1 1 -I

CURRENT DENSITY 04

5 -

Critical current density for a Nb-40 at.% Ti 0H

alloy as a function of the orientation of

H with the rolling plane of the sample. • 4 -

.,4.j

rclling direction •

Srolling direction
4J

H = 30 kGaussP

T =4.20K 2
U

24 :1 reductionH

[Ref. 15344] 0

o 20 40 60 9D 120 140 160 iO
Field orientation e (degrees)

I..2

Critical Current Density

Jc ( 103 A•mp/cm
2 )

Rolling Plane V
Ti H11 H J Unrolled Reduction T°K Notes

80% 4.8 4.4 -- 89% 1.2 30 kG&uss stan-

dard sample

65 4.6 0.38 0.10 90 4.2 preparation

50 1.4 0.12 0.16 92 " I I I'

28 3.5 0.10 0.12 90 1:
[Ref. 10713]
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V NIOBIUM-TITANIUM

CURRENT DENSITY

-.4

i1'4 ,

105

400

0 100 200 300 400 OW
Aging temperature, T (0 C)

[i A niobium-titanium alloy (79.3 at.% Ti) was machined, slightly rolled and recrystal-

lized at SOO6C. Further rolling (60%) ad avl1n at 6hopw-.at &A,-¢. shOwT+ on t•,l abvve

I. graph, markedly affect the critical current density and upper critical field.

He2 before annealing llOkG (1.2 0 K)

Hc2 after anneaiing 128kG (1.2 0 K)

Data Taken

H = 30 kGauss

T = 4.2 OK

[Ref. 19868]
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NIOBIUM-TITANIUM.

CURRENT DENSITY

I.]
50 3.0

DEORADATION FACTORS

~COILC C C II
Nb-TI SOLENOID

COILA
SERFORMANCV COIL SI .P 0COLIL C1IL.CI V

20-4

4F4

o %%- 1.5 Q

0 It DEGRADATION FACTORS (Nb-Ti)

00 COIL AI

oL I ýý 4Im , -jI 1, 1.0
10 20 30 40 5o 60 TO 90 90 100 0.A

Magnetic field, (kGauss)

Characteristics of niobium-titanium wires wound into solenoids 4.250 in long.

Coil o.d. i.d. Turns Wire L
A 0.986 in. 0.194 in. 10878 Nb-56% Ti

BI 2,637 1.105 17768 Nb-61% Ti _

C1 5.261 3.729 21076 Nb-25% Zr
(for comparison) u

D CI (short wire)

I (coil)
C

[Ref. 19479)
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NIOBIUM-TITANIUM

MAGNETIC HYSTERESIS

o r M c, o t0 "'

- • 0 i
-4 00 , 0 , 00 -
41 50oo P. L ~Nb+ 3.0AT%TJ

,rApplied field, H (0)

- Magnetization for niobium + 3.0 at.% titanium wires. Homogenized by passing large cur-

S rents through the samples at <il0- mm Hg vacuum for 4 hours at 1700°C.

I [Ref. 15459)

C - 0 0 I . I .. I I 0, , a . 1 - 0

1O 000

0 1000 0 0 3 O00 4000 5000 6000 7000
Applied field, H (0e)

Magnetization as a function of applied field for a nioblum-lO at.% titanium alloy. Data

taent athog th3amlsat<0 H acu or4hur t170C

b) Powder, 45-60 p particle size
(Ref. 10778)

10122

i i0

N - 0
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NIOBIUH-T1TA•-NIZM Temperature, T (OK)

SPECIFIC HEA'r 0 3.16 4.47 5.48 6.32
- - L

L

4-1

Teprtr, T 1

0 ,

At % T J m lU K- ) 6__(OK)__X__(Ti)__X______ _____3000 
j)

06 4.3 34 0 1.40502

U I

[Ref. 15532) U

Magnetic and Thermal Data VF
Coefficient of electronic Atomic susceptibility

specific heat, y Debye Temperature X (Nb-Ti) X (Nb-Ti, 1O0K)

At.% Ti (j rnole-I OK- 2 ) e ( 0K) x (Ti) X (Nb-Ti, 3000 K) U

96 4,.3 340 1.05 0.92 V•
(Ref. 15532)]
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S NIODIUM-TITANIUM Atomic percent titanium

ELECTRICAL RESISTIVITY O 20 40 60 80 100

CL1

Electrical resistivity for the niobium-titanium

Data taken at 1.20K.E .
Standard sample preparation. A 0[ i 'I

o two phase • 40
g single phase

[Ref. 11924] 20
0 2-1- I -I _i

5.0 4.0 4.6 4.4 4.2 4.0

Electrons/atom

a

ISO I

l • 140

10Electrical resistivity for the niobium-

. 100 titanium system as a function

of titanium content.

-4 C: 60
'14I • [Ref. 21728]

• • 20

0 20 40 60 s0 100L Atomic percent titanium
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NIOBIUM-TITAN IUM

ELECTRICAL RESISTIVITY

Ii

. 160

120 - a
4I0.-4 .- [

So o 1
C-.i

S0 200 400 600 WO0 1000 1200 )O0
lempevature, T (OK)

Electrical resistivity for a niobium-titanium alloy with less than '35% niobium. The sam-

ples were arc-melted, worked, annealed for 20 hours at 100 0 C, then quenched.

[Ref. 21728]

lIi

A niobium-titanium alloy (79.3 at.% Ti) is pre-

-" -pared as follows: The components are arc-

S• 0 melted together, machined, slightly rolled

) " and recrystallized at 800 0 C. The sample U
- 0 O.6 then undergoes further rolling (80%) and

Q 4' aging at the temperature shown on theS•0.7 •rrah is the resistivity
0.7 prior to aging and p after

0 100 200 300 400 500 a
Aging temperature, T (0C) aging.

[Ref. 19868) 1.
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I" N10BIUM-TITANIUM

ELECTRlCAL P4ISISI IVI1'

0 ~' 1.0

Q4 ,
41 0.4

V)'V• 0.40)_________________
I._ I I I - -I I

0 10 20 30 40
Field str'ength, H (kGauss)

Resistance ratio as a function of field strengtih for highly annealed Nb 9 Ti 1 with

small amount of defects. I[ef. 21841]

I ,

r. Resistance minir I for Nb 9 Ti , hig3hly annealed

Te with smll amount of defects. R/R is rela-
100 H1 . n

4J t•ive, with the vertical scale corresponding

V to R/R = O.OJ. The discontinuity in the
S7k, n

r- constant field curves corresponds to the

"4kG point of liquid helium, T), 2.190 K,ST),

I 2 3 4
Temperature, T (1K) [Ref. 21841)
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUIM-GALLIUM AND NIOBIUM-GERMANIUM SYSTEMS

GENIEFAL

Nb-(a, Niobium-gallium in the 0-tungsten structure shows a transition tempera-

ture near 140 K. None of the other Nb-Ga compositions give any indication of being sup~er-

conductive. The data given in this section also show the effect of alloying Nb3Ga with

germanium and tin.

Nb-Ge Three compounds are formed in the niobium-germanium systems, Nb 3Ge with a
$-ungsenphase, tetragonal Nb 5 .3 n hexagonal NbGe 2* he exact nature of the euioectic

points and dece.mpositlon temperature of these niobium compounds has not been deterni-Jned,

[Much of the work by Carpenter [Ref. 20020 and 20022] has helped, but explicit phase dia-
gram data is still lacking.

Car'penter [Ref. 20022] claims that the solid solution range of Nb 3Ge ex-

tends from NbGe0.1 5 t 0.01 to Nbe0.22 t 0.02 i.e., from 13 t-o 18 atomic percent germa-

nium. The lattice constants in this range are given.

Of the three structures, the B-tungsten (Nb 3Ge) shows the highest trans;.-

tion temper~iture in the 5-.70K range. This temperature is raised markedly by the addition

of other elements, such as tin and aluminum. The Letragonal Nb 5Ge 3 compound shows no

transition temperature above 10K even with the addition of carbon or zirconium.

[Ref. 124216]
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Gallium atomic percentN IOB IUM -GA LL IUM 20 40608
20 40 60 80

GENERAL I

2400 0

x2

2000 0 L+0 L,0

%r

O L~1+NbpOio 1600 a

Phase diagram for the L G"

niobium-gallium 1200 0. :
system. 1z

Nb Go

E o 00xxx V x l~ ,+
1 thermal analysis results 0NbsNb01 ,+ I-

2 two phase alloys NNb.o, NbGo3

3 single Phase alloys G00 I tiNb--

+ i i'Ij Nb2Go3

[Ref. 21729] Nb 10 20 30 40 50 60 70.80 90 Cc

Gallium weight percent

5.190

0

Lattica constant of Nb Ga as a

C3

0 function of niobium content.o5.180-

U The sample was prepared by
"H I chemical vapor deposition

method.

5.t7o i I I

10 15 20 25 30 35 40
Atomic percent gallium [Ref. 21843]

1.28
K
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"a SRAMCH AND T5(.NNOLOOV IDIVIUIONI
Al A ORGI *yovelNS COMNANO
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NIOBIUM-GALLIUM

TRANS 111 ON TEMI'ATURL

0.5

00.4

tOl
.0

*~0.1'

* 0

Transition temperature as a function of lattice constant ior

chemical vapor-deposited Nu Ga.

(Ref. 21843
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NIOBIUM-GALLIUM-M

LATTICE CONSTANT AND TRANSITION TEMPERATUREI

Lattice Constant and Transition Temperature ,

Lattice Transition
Constant Temperature

Formula Sy-mmetry a T width Notes Ref.

Nb Ga 8-tungsten 5.171 * .002 14.5 - Nb powder melted w/Ga 1i387
at 1200 0 C, fused in He
atm. arc furnace.

Nb 3Ga ". 13.2 4.6 3 hours at 18600C 13155
Nb Ga sGe r3b . e 5.175 7.3 - Formed at 18000C 13155

Nb6 GaSb - - 9.2 - 10.6 Prepared by HCI 21843 Li
transparent

Nb6- - 9.3 - 11.2 Frepared by HCU 21843
transparent

Nb 3Ga xSnlx ... 13155

Gallium 16 hours, 1200 0 C 3 hours, 15000C {
component a T *AT a T AT

x 0 C C 0 C C

1.00u!.5 1.6 .

.8 f13.1 2.6

.6 t1.4,0 4.7 5.230 14.6 0.6

.4 5.2o7 13.5 3.3 5.262 16.0 0.7

.3 **5.272
a L.2 5.282 17.8 0.9 5.282 17.4 0.7

.1 **5.274 18.1 0.9 1 5 . 3 b 1.

* AT width of the transition region

t not single phase

** [Ref. 7888]

a after 1200 0 C firing the sample was refired for 7 hours at 1500 0 C

b after 12001C firing the sample was refired for 3 hours at 15000 C
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NIOBIUH-GALLIUH-M

LATTICE CONSTANT AND TRANSITION TEMPERATURE G

5.2- I

( 5.22

Lattice constant and transition temperature as a+ •

function of x, Nb Ga Sn.. Samples sintered.
3 rt1.-

[Ref. 13155] 1I240
r V 2 015000 C

VLITERATURE VALVE
S10 NaW

NbsGoI.Q 0 0.8 Q.b 0.4 ON.st i
Gallium component x,

NIOBIUM-GERMANIUM-M

[ LATTICE CONSTANT AND TRANSITION TEMPERATURE

Lattice o Transition
Crystal- constant (A) Temperature

Fornula At.% Ge a, aT c OK) Notes _Rf+

* Nb Ge + C 42.5 Db 7.6 5.3 <1.1 17475

Nb Zn Ge 42.5 -- 7.89 5.43 <1.1 -- "2.52. 3

Nb Ge Ga 32.5 a-tungsten 5.175 -- 7.3 Prepared at 18000 C 13155
3 .5 .5

Nb e MPressed & sintered
3Nb GeAl. 12.5 B-tungsten 5.175 -- 12.6

"3 hours, 15000C

Nb_ Ge Sn 12.5 8-tungsten 5.236 --- 12.6 Arc-melted3 55

Nb3Ge Sn 12.5 $-tungsten --- 11.3 10704
3 5. 5

131
(+

.,-



All MmI NAMWAL WmmyAOR t1Pjj 9FIrRv
PEIKAWO TECH4NOLOGY DIV1590ON f1 1

AIR FORCL fY*T5lM* COMMAND U

0APARI P N DUY IL(CCTRONIC PROPERT199 INIO'CMATION CgNYTRR ---- CuaPiu Ti~',. ý;L~tCITY, CALS! O&

4 0 cc co 4 0 t$Q OD Vl t c

04 OD O N C -4 Co 0D -4

c- C` N~ r. 1- (a 40

04 r4 -4 (N 1- (N

0
v :3 4J
v. cl 9

1
0 t0

0 H0
V)

10 C') £c 0) 0
0 l 0 Id('

4' ) 44 Q O ('4 -4

1) 01 U) 04 0)

4 044

V l Y) ) FD mHun c

10(' SH -

4.' cr fu -4 I-

U~ m '

0 v o0 04

4') V) LI) 1) 
1

Lo co

t Ir 01 1b 1 1 1 14 1
V,3

0- cC 0 '.j

Q 132



aI I An NA ALAbSMAmY P
RSEARCH AND TECHNOLOGY DIVISION C0D

AIR FOROCE SYSTEMS COMMAND

PREPARDO BY ELECTRONIC PROPERTIES INFORMATION CENITER * HUGHES AIRCRAFT COMPANY, CULVER CITV, CALIO•ORNIA

NIOBI UM -GERMANIUM

TRANSITION TEMPERATURE

IP" I i • ! i ' 1•

Stoichiometric niobium germanium compounds were -4 * 1 N *,°o
formed with a normal composition of 25-29% Ge. 4 a

(a) shows the transition when the samples were 0 l
0 4 (b)

arc-cast, (b) shows the same samples rapidly 4 aaimI.#'I PI,4 AI~emA I
0 m 1 CONCENTRATIONquenched and variously annealed up to 1000C', 0 0 oI--1 1

(c) show the results of annealing this same 41 P -

sample to 11000C for three days.
0. LJJ LL L

4 6 8 0 12 At 14 0
[Ref. 21469J Temperature, T (OK)

NIOBIUM-GiLLIUM

CURRENT DENSITY

S104

C 4 Current density as a function of field

' strength for cast Nb3Ga at 4.2 0 K.

These J values are highly depen-
S.,"4 10J

- dent upon sample preparation.

h 0 4[Ref. 10708J
.. U 0 to 40 so0 NO• W

Field strength, H (kGau3s)
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NIOBIUM-GERMANIUM-SILICON L
THERMOELECTRIC PROPrERTIES L

Lattice Electrical Thermal ,
0 resistivity Seeback conductivity Figure of merit

constants (A) (mfl-cm) coefficient K (watts/cm 0C) (I0-5 oC-1 )

Formula ao Co 25 0 C - 1960C (j V/C 0 ) 25 0 C 25 0 C

NbGe 2* 4.943 6.778 0.067 0.031. + 12 0.31 0.70

NbGe 1 5 SiO '4.910 6.730 0.077 0.063 + 17 0.19 2.0 V
NbGe 1 . 0 Si 1 . 0  4.885 6.682 0.081 0.065 + 22 0.16 3.7

NbGe 1 1.5 4.834 6.635 0.060 0.047 + 20 0.20 3.3 V
NbSi 4.803 6.604 (1.098 0.063 + 19 0.42 0.9

2.0

• These materials have a C 40 type structure

[Ref. 201591

0.:i i " • . ; G - -, ...

O .40" 70V"• "[

'-0.30 5

• *.- N

0

o~~z•O 4o . 4P.

4'0.43

"0.40 TO
4.'4

0.35 L6H

> o4 ,, ,".- . 20
.14 Q ~ 0 t

0 200 400 600 600 1000 W q
0 o .o .o oo.~ .4 LI;

Temperature, T (°C) V E- "-
Thermoelectric properties of NbSi 1 . Ge1 .0 as a function of temperature. The samples

were pressed and sintered. Ii
x - Resistivity o - Seebeck coefficient e- Thermal conductivity
* - Figure of merit (Ref. 20159)
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ji NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-CHROMIUM AND NIOIBIUMW.IRON SYSTEMS

U" GENERAL

Nb-Cr Niobium when alloyed with chronium shows little promise as superconduct-

ing material. As the chromium content increases the transition temperature drops linearly

from the Tc value for niobium an4 appears to reach :zero at 20 at.% chro.ium.

The niobium-chromium system shows only one compound, NbCr 2 with a cubic

MgCu 2 (C 15) type structure. This compound exists beyond the alloy region of supercon-

ductivi ty.

Nb-Fe Lattice constants are given for only intermetallic phase in the niobium-

iron sy..em. Wallbaum* gives a = 4.830 (A) and c0 = 7.882 A for NbFe 2 (MgZn 2 type

structure). These values are corroborated by Elliot ; a. = 4..834 and co = 7.880.

Other phases are reported to exist in this binary system but they are

stable only at high temperatures and lattice constants are not available.

* Wallbaun, ,i.J., Z. KRIST., v. 103, 1941. p. 391-402.

t Elliot, R.F Armour Research Foundation, Chicago. TRl OSR Technical note OSR-TN-247,

August 1964, 'p. 15,

135



All 0M( IAUIVAU LADOATOgY EPIC-4P
RSLEAPICH AND TECHNOLOGY DIVISION 

rP 

i
AIR FORCL, SYSlTIEMS COMMAND l iNO __

PAP49PARILD BY ELECTRONIC PROPEIRTIES INFORMATION CENTER * HUOHES AIRCRAFT COMPANY. CULVER CI7Y, CALIFORNIA

NIOBIUM-CHROMIUM f
GENLRAL

LIQUID

q) Iwo

7U
tU

e idetiie alloy

_ _ _ __r_ ________ _t._ . [1•--II l --

"' 1E Atomic percent chromium BI
Phase diagram for niobium-chromium system. NbCr 2 ranges from 64-70 at,% chromium. L

{ o measured melting points

S•* identified alloys

[Ref. 19469]
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I ..... WeiLg't porcent; Iron -

Phase dUMiagram f-____en__________ P soo[ soystem o lo

i • • ,• • • ----- , " "

CULNERAL

06 . b

Phase diagram for. the niobiuni-

iron system CIO

1 ) L • I
2 ') ri I IL

3) a i4-Lo • o

4) 14Lr00- 46) +

7) 6 IM
7i ) y

Atomic percexit iron
"I rKef. 19926)

"I 110BIUM-CHROMIUM

GENERAL

Lattice Constants

Lattice constant (A)

Formula o Ref.

' Nb * NbCr 2  7.001 19469

SNbCr 2  6.985 Hansen

' NbCr2 Cr 6.981 19469

Nb-r2
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NIOB] UM-CHROMI UM 1-

TRAN~S LON TtMPj(ATURE 4.0,~

Trar)-ition temperature of

nioblum-chromium samples,

arc.-mellted aud unannealed. 6~

P0 6 j' gr

(Ref. 125831 1~O 6t

1#6 0-a 04 A, 04 C
Atomic ratio chromium .

"i4 1

""4 .A

Transition temp~rature of niobiwnIQkQ0.r chrowiuW systems, arc w'elA'ed and -

'inan~nea2led.i

0 '

0.41

0.5

0.2 N-.I(Ref. 10778)

0 Wj, 0.2 0.3 CA 0)5 CA 0.7
Mol~e ratio c'iromiiuu
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TRANSITION TLMEIRATUVL

All, AQj44

Ir
4.0 &0 LD . 1.0 .

Temperature, T (OK)

I Annealing effect on the transition temperatu-t of a 10 a~t.
.chro•ium alloy.[

''... . . ... ,

L•'f. 12 83

NIOBIUM-IRON

TRANHITQN TkEMFFWTURE

Atomic perrent iron
x iNb re

, . 50 100
o 1.0

. ,.,nn Transition temperature of n .obium-

4) ~ira:n samples.
4,

[Ref. 14468-

".-I TOOBIUM-IRON

K ~VdleInce electron concentration per' atom
139

F .. '.. . . ., .' bF

• S,. .- 0I 0"



F.

'A �# i

I-

'-4
0
ti-f
'-4 zc

to
ri c t;

0z/
' z

'0 �-4
'-<C)
f-fl
-i C-,

¼!. * -�

U

LI -�

v
�.

�



S!Ill.

AIR FORCE EATEIILA LU TORY PlC
RSARC.4 AND~ T9CHNOLOGY C VISION EPC

pf . ...... ..... ON C.. ... �. . T !C . - A•..... . G-"s ' , . n•. .. . . . ............I , n. . ...... • . *l .... .-'" r .. ...

NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-ARSENIC AND NIOEIUM-SELENIUM SYSTEM

GENERAL

Nb-As Although niobium and arsenic form "mono" and "di" arsenides, neither shows

superconductivity. The only data given here are for the lattice constant3 and magnetic

susceptibility.

Nb-Se The niobium selenium system in the niobium rich region shows no evidence of

being supercorducting above 4.20K [Ref. 13150). In the NbSel.90 NbSe2.25 region there

is an indication that a transition temperature exists near 4.2 0 K. Single crystals of the

system in this range, prepared by a vapor transport method, show a nominal NbSe 2 composi-

tion and have a T of 4.2 0 K.

This system forms into layer type crystals with various polytypes. The

lattice constants and transition temperature are given for some compounds.

NIOBIUM-ARSENIC
* GENERAL

Lattice constants (A)
Compound At.% AG 0... a_ b c-

NhAs 50 tetragonal 2.45 £ .001 -- 11.65 t 0.02 -- *

NbAs2 67 monoclinic 9.365 * 0.02 3.38 1 0.01 7.809 ' 0.02 119 0 25' --

Bef. Saint, G.S., et al. CAN. J. CHEM.. v. 42, p. 630, 1964. * single crystal

NIOBIUM-SELENIUM

GENERAL
0

Lattice constant (A)
Formula a 0

a-Nb~e 2  3.449 12.998

a-NbSe 2  3.439 25.188

S4Ref. 21706]
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NIOBIUM-SELENIUM
106.0 !

TRANSITION TEMPERATURE
•106.5

107.0

Transition curve for NbSe 2 from resonance 107.5

coil measurements. Nb and Se powders 108.0

were scaled in evacuated ampules and

sintered for 72 hours at 600-8000 C. 'q 10.5

[Ref. 13150]

109.5
4.0 5.0 6.0 7.0

Temperature, T (OK)

NIOBIUM-SEL.ENIUM

CURRENT DEWSITY

4
SO=100-- I I j I I Critical current density for two NbSe 2 c'ystals.

10 width tLo thickness ratio 9
0 W/t 15

Sc • (a) lIle-axis
S<(a) h-I c-axis

1- C) T 4r:,.20K

"J J a-axis41

0 1 2 3 4 5 6 7

Field, H (kGauss) (Ref. 18755J
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NIOBIUM-SELENIUM

CURRENT DENSITY V

100

Critical current density for a NbSe 2 crystal

with different leads.
r.

C4J

A Cu leads; indium soldered W

o Ni leads; spot welded I L
(a) Hi.c-axis H o

(b) H II c-axis
T .20K 0.I 1

S0 1 2. 3 4 5 6 7 [

wit =Field H, (kGauss)
J i a-axis

[Ref. 18755]

1 *Critical current density for two NbSe 2 Crystals.

r 10E 10 W/0 9-% ,

4 1 '0S•o = w/t =15

C,4 T =4.2 0K

,-Ho J I a-axis

a) H = 1.4 kGauss
jj I

0 20 40 60 o0 100 120 140 b) H = 7.25 kGauss

Field oripntation, a (degrees) [Ref. 18755]
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"NIOBIUM-ARSENIC

MAGNETIC SUSCEPTIBILITY

bo"* 0.90 1 I I I I I

as --00A A t jNb 5 Sb

0

4-.

,.... -

4 -o.30 - NbAg

J -0.40-IIi In °°i • •

2-0.50 i I

[ ~Teapei'ature, T (0 K)

- Mageticsusceptibility for niobium antimnouides and arnenides as a function of tern-

perature. The antirnonides were prepared by heating niobium and antimony at 1000*C for 2

day, 80°CforI•days and quenching in water. The arsenides were prepared by heating
niobium and arsenic at 1000o1C for 2 days, 7200 C f[or 1•4 days and quenching in water.

[Ref. 21797]
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NIOBIUM-SELENIUM [j
MAGNETIC SUSCEPTIBILITY

S• l I i 7-- -- - I I -T I I I I

S 0.610 __ __ _
0.80

H 0.60- NboSq

0.40-

0 _NbTeo

w 0.00

"1 It -0.20 US

-_0.40040 100 200 300 400 500 600 700 800

Temperature, T (OK) |1

Magnetic susceptibility for various niobium selenides and tellurides. Thc ;e values have

not been corrected for induced diamagnetism. I
[Ref. 21738)

LJ

I -

,-i -. 1.10

-4 5.00LFL

, 0,90
S•, i •0.80

1I0i0 200 300 400 500o 6W 7o00[
Temperature, T (OK) I

Reciprocal of the corrected magnetic susceptibility for NbSe 2 as a function of temperature.

iL
(Ref. 217381
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NIOBIUM-SELENIUM

SE11ICONDUCTING PROPERTIES

Electrical Mobility Seebeck coefficient

Resistivity S (GGV/OC) Hall coefficient

p (ma-cm) (cm 2 /V sec) R x 10-4 (cm' /coul) Notes Ref.
kPbSe

5 2.7 -- 10000 13958

0.18 ...... -196 0 C 21796*

0.35 ...--. 250C

...-- -12.0 -- Polycrystalline "
250 - 1300C

.5 -- - 1.4 -- 1000C 13958

.44 -- - 6.9 -- 1501 max

.58 - 0.2 6000C it

2.04 <106* -5 <20 Stoich, 15399
3000 K

-- 8± -- 300 0 K 13958

•* Thermnal conductivity, K = 0.021 w/°C-cm. Figure of merit, Z = 1.96 x 10- cm-1

3 n 3x 10 21/cm3

n 2 x 10 21 /cm'
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NIOBIUM-SELENIUM

SEMICONDUCTING PPROPERTIES

U oL -9

*.- -'6

61 62 63 64 65 %Weight % Selenium

Seebeck coefficient for the niobium selenium system witi: 61-r5 wt.% Se. Data taken at

3000 K, sample sintered 16 hours at 9000 C. The dashed jinn represents stoichiometric

ratio. [Ref. 15399] L1

4>, Li

.,)

in U

a,

(U 0

o H I I

61 62 63 64 65

Weight % Selenium

Electrical resistivity for the niobium selenium system with 61 65 wt.% Se. Data taken at

300 0K, sample sintered 16 hours at 9000 C. The dashed line represents stoichiometric ratio.

(Ref. 1539ý]
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-MOLYBDENUM, k4IOBIUM-TECHNETIUM, AND NO1DIUM-BUTHNIiUM SYSTEMS

GENERAL

Nb-Mo In a 1961 article by Hulm and Blaugher [Ref. 12583) the transition

tempiratur'e of the niobimw-molybdenluu system was extrapolated to zero near 40 &t.% Mo.

Since then, work by Hein at al [Ref. 14469) in 1964 has shown that T c reiches a minimum

of O.0161K at 70 at.% Mo and then rises to 10K for pure molybdenum. The nloblum-

molybdenum system shows only the bcc crystal phase.

Nb-Tc The only transition temperature avai.lable for the niobium technetium

system is given for NbTc 3 , T C 1O.5 0 K, the lattice constant, a = 9.62510.002 [Ref.

12711). The other data given are foxr magnetic susceptibility.

Nb-Ru The niobium-ruthenium system is body centered cubic up to 40 at.%

ruthenium, takes on a body'centered tetragonal to about 55% and remains hexagonal close

packed to non-alloyed ruthaniuim. The transition tempera t  e does not follow this change

in phase. At 7.5% Ru, Tc = 4.200 K, falls to 10K at 20%, and reappears again at 40%,

thus ignoring the cubic structur-,
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tNiOB iUM-1PUTLEN IUM~'

UNLNRAL

Lattice cwistaxitL lor' i-nI obijuz-ruthenIuffi
alloys, The system i5 a brndy cantered 1

/ ~cubic to 140 atA. ruthenium and body L
centered tetragunAl to about 55 at.%

1300 ruthenium, I~ef. 21255]u

4)

3.200 i
Nb3Ru, Cu3Au type, a0  4.207X

3.100 IiCi transporl. muthod. (Ref. I
+j3.100 21. il5]

Nb 10 20 39 40 C 60 G
itoinic perr'.cnt rutheiaium~

Weight percent ruthenium

'0 20 30 40 50 60 TO W0 90

2300 w . A UEILTIA NOT OSSIRVED 4100
Phase di~grain for tthe niobium w 22Q- A MIELT1144 OBSSIRY

rutilenium sys~tem. 2100 - s OuwOARVv SiUKnurmot

S2000

=lm t8O 0 3300

11100 _______ _____@ ____S __+* __q___ WO

140 405006 7

1490I~r
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GLNJARAL
346T

Lattice constants fox nlobium-wo2ybdenum 0
systai as a function of molybdenum .ontent. fu

[Reaf. 194693

•Thj a hof.
341.648

I Buckkle, II.,'
x £z'emelko,

Buckle, H. MLTALLFORKCFUNG, v. 1, no. 51 1946K 41

Eremonko, V. N. UKRAIN. KIaEM. ZHUR., v. 20,

n~o, 227, 195J4.

I ~* 5.146 ,

Atomic perc•;nt Molyb•lenum

NIOBIUM-MOLYDDLNUM

TRANSITION TEMMPLRATURL

0 The values plotted here represent the midpointsU' 1. -'-T- :- of the transition region for these alloys. Mo

9and Nbo.3MO°.7 samplec were elictron-beam refined,

S08all other samples are from elactron-beam refined
0.210 K/AT. Mo and Nb, individually melted."I. ' 0.7 - PERCEN-T

(Ref. 14469g1
S0.4

V' 0.3

•d 0.2

0.1

Nb 20 40 60 00

Atomic per-cent Molybdenum
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NIOBIUM-MOLYBDENUM

TRANSITION TEMPERATURE

Transition Temperature

At,% Mo Value (°K). Sample Ref. L
T

c

0 9.17 15259

J0 5.3 7686

25 3.4 -

38 .76

40 .5o el

40 .6ý Arc melted 15259

42 .31 7686

43 .181 20520

44 .158

4 5 .1.48

48 .108 -

60 -. 05 Arc melted 15259

60 <.03 Formed from electron-beamn 14469

zone-refined elements. j
; 70 .016 Electron zone-refined after

forming. I'

80 •.04 Formed from electron zone-

refined elements-

90 28

100 .945 Electron zone-refined after

forming. V
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NIOBIUM-MOLYEDENUM

TRANSITION TEMPERATURE

t 7 - Transition tomperature of (Nb--Mo) and

6 -6 (Nb-Mo) .9Fe 01 as a function of molybdenum

ý 5 content.4 c n[Ref. 11937)

4

S3 - - - no iron

10% iron

0 5 I0 I 20 25 30 35S~Atomic percent molybdenum

NIOBIUM-RUTHENIUM

Nb 40%/ Ru

Transition temperature for the niobium- ?0

j ~ruthenium system to 40O at.% ruthenium.

Samples were electron-beam melted at high • 15

temperature in less than lO- 8mm Hg 2
41 o

vacLum. [e. " 1-

[Ref. 15512] 01

\Tc
0 LI ..I'

5.0 5.5 6.0
Electrons/atom
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NIOBIUM-RUTHENIUM

TRANSITION TEMPERATURE .

Lattice Constant and Transition Temper&ture

Transit ion
At.% Ru Symmetry Lattice Consta it Temperature Notes Ref.

ca o ( %) c o ( A ) T e ( O K ) -L

0 b ec 3.301 - - 21255

7.5- - 4.20 - 15512 L
10 - - 2.8 -

20 3.230 - - 21255

" - - <I- 15512
30 3.200 --

21255 i

"" - <1 15512

40 bet - - 1.2 ± 2.2 - "[

"it 3.147 3.218 - 212,5,

55 2.978 3.378 --- V

6O - 2.5 6.3 electrons/atom 9686 L
71 6 ., 2. ,62 4.43 - - 21255

75 ' hcp 2.750 4.418 -

80 8 hep 2.747 4.389 -

100 2.706 4.282 -

15

Li
SzsaI'



-* -- -'a-• 2-

.0. CRCH AND JAUINODG5AY DIIINN4

I'MI[PARIED Sy 1ILIECTRONIC PEOPIRT1ES INFORtMATION CSI4TSR N UOMES AIRCRtAFT COMPAPIY. CULVIm CITY, 4 LIFORNIA

PNIOBIUI4-MOLYBDENUMfH

CRITICAL CURRENT

|I0 • - T-1 T I-T--'-F T -I_ ! ! I -
uuCritical current for a niobium-

-lot molybdenum alloy (1% molybdenum)

0'- arc-melted as a function of a trans-

i .O vcrue applied field.

16,( [Ref. 10778J

[iids
0 2 4 6 6 10 12 14 16 1I

Applied field, H (kOe)

NIOBIUM- MOLYBDENUM

SPECIrIC HEAT

Temperature T, (OK)

(- 4 H -lOs~a

Heat capacity for niobium and o,.,

niobium-molybdenum alloy. Tc marks :> "- - -e

the change in slope of these curves. (0 0 -L -N

[Ref. 7686) 4 1 .i .•c

Temperature, T2 (OK 2 )

154



- --- ---- .---- ---- .-- ..-------1 *... L
Al W 9AMUS IANKATO Y
AIR FORCK 1YGT9MS COMMAND C 11 V19

PREPARKD by ELECTRONIC P1OIPERTIli INFORMATION (.SNTKR U NUONKI AIRCRAFT COMPANY., I-,ViR CJTV, CA--" '..,":.A

NIOBIUM-MOLYBDENUM

SPECIFIC HEAT 1
Temperature .
2.0 3.0 4.0

Heat capacity for a niobium-molybdenum 7.; P

alloy (N M arc-melted and a 1.9L
annealed 20 hours at 2000 0 C in 10 5mm 17e i, .e. . I
Hg vacuum. U . -

[Ref. 15259] to ,.4

0 1 2" 3 4 5 6 7 8 9 10 1112 1314 15 161T16

2 2
Temperature, T (OK2)

Debye Temperature and Specific Heat

Debye Temperature Coifficient of Electronic SDecific Heat
8 ( m1K) 1 (i0-4 J/mole OK2 )

•.a,...-- Temperat... (OK) Measuring Temperature (OK)
At% Mo <9.5 >9.5 1.0-4.2 <9.5 >9.5 1.0-4.2 Ref.

10 20' 290 - 5.88 9.24 - 7686

25 290 320 - 4.54 6.72 - I
38 320 330 - 3.28 3.70 - L
40 - 340 - - 3.02 -

" * - 371.1 - - 2.87 15259* [

42 - 2340 - - 2.69 - 7686

50 - 300 - - 2.02 - "I

60 - - 429.4 - - 1.62 15259

80 4 405.0 - 1.68 - 7686 1
•'~ . .. . 1.0-2.3 15259 •

-5 I
* Samples arc-melted and annealed, 10 mm Hg vacuum, 20 hr at 2000 'C. H
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NIOBIUM-RUTHENIUM

SP-QIFIC HEAT

P1b 40% Mu

[.1 Coafficient of electronic speoific haat

for the niobium-ruthenium system. Saiples

were electron-beam melted in high vacuum

.5 -and amnealed at high temperature below
2 lo o 08 mm H.

'0( [Ref. 15512)

Ii-
"' V

5. 55 6.0
__ Electrons/atom

SNb 40%Ru_:•i ~~I ' ' . I ' I

_ The expression N(O)V is calculated from_1 4

y and T~ in the fo~llowing expvession:
-- ~kTc = 1.4 <hw>ell(O ; 9 300,, -

<hw> is assumed to be 3/L4 keO, 0 ýs the
I Debye temperature. If Tc is extrapolated -

1.. linearly to zero, then the dotted line. •I
would hold. Tc is calculated.

[Ref. 15512) T,

i 5.0 -C
i -,SElectrons/atom

[ 156



AM FOM MATKUM aUJA ImT _1P9)PATIV

A999ARCH AND TIECHNOLOOV DIVISION UD g MAA 0 N
A IR P'ONCE GY&T9M9 C084MAND I

FREPAREID PY ELICTRONIC PROP9NT IRD INPOILCATION CSNTER HUGHES Agl¶CNAPT COMPANY. CULVSR CITY, CALWIOMMIA

N IOBIUM-RLJTHEN IUM

SPECIFIC HEAT[

Measured and calculated values used in the graphs on page 156.

-__ _ (10 cal/mole )1 v4 K (OK), (cal/mole oK2f' R f

7.5 (11.7) (290) 4.20 210 15512

10.0 9.7 £0.3 304 t 10 2.L 22e 7 L
20.0 4.54 ±0.1 330 1 10 <1-

30.0 3.98 10.04 37? 1 10 <1-

36044 0,1 405 1 15 -- L
40.0 ('4.5) (410) ý'. 2 .2 47.5

NIOBIUM-M0LYBDENUM

ELECTRICAL RESISTIVITY

20 4

o Nb 20 40 60 80 Ma

Molybde~num, weight percent

Electr~ical resist ivitý in the niobiuiv-molyhdenum system,
staný.'ard sample, prep-iration.

(Ref. 2179U~]
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NIOBIUM-MOLYBDENUM

E: ELECTRICAL RLSISTIVITY

3.2

- 4J 2.@

,+j 2.4

2.0

fo 1.6

£4 1.2
4J Q

,5• 06� I o. I
.4 I0 0 50 7 90

Molybdenum content %

Electrical resistivity for the niobium-molybdenum system at 20 0 C. (Ref. 21567]

.a Nb 20 40 60 SO Mo

Atomic percent molybdenum

_ A, is the change in resistivity in Nb-Mo system with iron and ruthenium added.
4Pý _30 r'77/0'300 - P77/P300]

!~~~~ ~ "P0=30•-1•77/01300

(whe;ýe p' and p are the resistivities with and without additional components respectively.
1.0% iron

- - 1.0% ruthenium

[Ref. 16140)
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NIOBIUM-HOLYBDENUM L
ELECTRiCAL RLSISTIVITY [

• ~LI

Resistivity as a function 
j Cof temnperature for niobium- C -s

molybdenum system with 1 ; IA
at.% iron added. The
samples were arc-melted _

in an apgon atmosphure,
and remelted several times 44

to insure homogeneity. >

[Ref. 161403 'VI£

Temperature, T (OK)

NIOBIUM-MOLYBDENUM

MzGNETIC SUSCEPTIBILITY [

Room temperature susceptibility for
Nb-Mc with 1% iron added, as a function
of the mnolyhdenum content. H

[Ref. 119371 •%

4-

++I I I I ,, I

20 •O 40 60 so 10o

Atomic percent molybdenum

159.
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tiOBIUM-MOLYD.NUl' 24 0

MAGNETIC SUSCEPTIBILITY 1A-

L6

Susceptibility for Nb, Mo, and three

Orbital susceptibil it~y1..6 5u 1

Xorb (0-4 emu/mole) 1.6

a) Nb 0.980 v

b) Nb7 5Ho2  0.980 4 .

c) Nb 75 Ho &5 1.221 1.5

d) Nb. 2 5Mo.7 5  0.5210A

e ) Mo2.O O.544 0 --

(Ref. 19617) 0,
0 5 O00 1000 15DI. Temperature, T ("10<

NIOBIUM-MOLYBDENUM AND NIOBIUM-TECHNETIUM

MAGNETIC SUSCEPTIBILITY
Atomic percent molybdenum

0 100.0
Atomic percent technetium

0 5I0.0 100.0

Susceptibility of niobium-technetium • 200 N6 - To
and niobium-molybdenum systems. NbTc 0• Nb-l•Q

Ssamples were. arc-melted in argon, .0 4- 0 No -Re
S homogenized 1 week at 10501C and heat '40'

trieated I week at 7000C. Nb-Re data , 150

are Siven for comnparison.

41 It,'(J-M
4.r

[Ref. 1961.7 1 '"U -"" • /. _

Ie.167.0 51 5.4 5.6 &L 6.0 6.2 6.4 6.6 6.8 7.0
EleCt6n0latow
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MAGNLTIC SUSCEPTIBILITY : 203

SW 100

Ini

Temperature dependence of the susceptibility of three Nb-Tc alloys. The samples were

arc-melted in argon., homogenizud 1 week dt 1050 0C ar4. heat tr~ated 1 week at 7001C.

2) Nb Tc
.70 .30

2) Nb .50Tc .50 I
3) Nb Tc * ~(Re!. 19617)

Lattice Constant and Magnetic Susceptibility

x C,
A-..-% Tc Symmetry (10-6 emu/g.at) Lattice constant (A)

(250C) ac0

0bcc 204,4 3.304-

10 191.7 3.276 -'

20 150.6 3.244-
30 108.9 3.217-
50 63.3 3.192
50 73.3 3.170
60 bcctci Mn 91.7 3.159 v
75 a Mn 136.5 --

e5 11114.8 9ý547-
97 hcp 138.3 - -

100 1120.8 2.743 4.400 ~

[Ref. 19617)
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N1OBIUM-RUTHLEN lUM

MAGNI-1C SUSCUpTIILITY

Magnetic Susceptibility

Xtoth 176 x 10-6 emu/g.at. 10 5.3 electrons/atom, 14464

S1aA 2 type/structure.
Xadd 140 X 10- emu/g.at.

x 60 x 10-6 cm 3/g 60 6.8 electrons/atom, 9686
sample cooled from13000C.

Xat 5900 x 1 6cm3 /mole "30 C.

Sx tot Zxion + Xpauli +(L.P. + Xadd

Xtot is taken as the sum of the various susceptibility coptributions. The authors

state that Xadd is probably due to the orbital parainagnetism.

NIOB19M-MOLYBDENUM P HPHONON DISPERSION T

00

The Abranch of the measuved phonon w '

dispersion curves of Mo, Nb and C 5

two Nb-Mo alloys. The sieutron - 4

scattering measurements were made >'

at 30C°K. Nb

LRef. 21842] 2 o Nb. 6 5 Mo.35/A Nb Mo
I!. 25 75

I __Mo

l Reduced wave vector cooridnata

S.•,62
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"NIOBIUM-RHODIUM AND NIOBIUM-PALLADIUM

GENLRAL

Nb-Rh The niobium-rhodium system is very ccmplicated, showing nine different

phases. The tetragonal (40% rh) has the highest transit.%n temperature "•.0°l ki.&nIe

6-rungsten, Nb3 Rh, has a Tc of only ^2.5 0 K. Zegler [Ref. 18750] has all-ewd Wtzk_

wiLh other- elements; x'-e lattice constants and transition tempe.'atires ! r that*

ternary alhoys are given.

Nb--Pd The n iobiun-palla'ium system has a transition tem,.ratuzr -f &.mt

20 K at a composition of 40 at.% palladium. The only other niobium-pallo n ;4ta

ava*lablP were in the palladium-rich region. The followirif vaiues are -- ft

this Zwingmaq paper [Ref. 21799].

Properl y Sy-Lbol Value

Change in reistivity ap/ah . (•-cs/e& l

Change in thexrnolectr~c aE/a t.. (,/C-a•.%,
effect

Cha'ge in temperature sia -. 35 (10- /°C-at.%)
coefficient of resis-
tivity

a is atomic percent niobium

The coefficient of electronic specific heat and Debye temperature are

given for 40 at,% palladium: y=7.13'0.08 x 10-4 cal/OK2 mole; and 0=3331E-°K [Ref. 15323).
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t- 04 c* o to C4

oo 01 H- C) t- -4

U)~

(41

1 I4 Io I

v I C 0

I.-IV

ro CD
(10 1-4 U ) 0

ii U (~ '~ 0 ) .- 4

4- U-) U-) 0l)

ft 0) C73 0
0 0 0

C. 0 c) I 0 0 C) ('4 I I1__ 0 0 .
('4 L'4 .N 0

CD C. 0; n 0 0. a

kn L o '-1 a) (71 r* - () " ) 0 ) M ) Lo

0 70) H- Lo H> '4 H 01 C CD co (co c-

zý (N C' C'4 L)
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NIOBIUM-PALLADIUM

TRANSITION TEMPERATURE

Transition Temperature
Transition Temperature

At.% Pd Tc (K) Th Symmetry Notes Ref.

40 1.7 - a-Mn 15323

,, 2.04 0.1 Cooled from 1000"C 9586
7.00 electrons/atom.

2.417 0.4 I Cooled from melting
point, 7.00 electrons/
atom.

A tT is w.-h width of the transition region.
0

t Nb 3Pd, 25% Pd, Cu 3 Au type, Ao = 4.207 A, sample prepared by HCl trarsport method.

[Ref. 21843]

NIOBIUM-RHODIUM-M

TRANSITION TEMPERATURE

Lattice Constants and Transition Temperature; Nb 3 Rhl-,Mx

Latticp constant Transition Temperature

M - a A

Co .02 5.132 2.28

.05 5.135 1.96

.10 5.1347 1.90t

Ru .02 5.132 2.42
.05 5.135 2.42

.10 5.1346 2.44t

Pd .02 5.133 2.50
.05 5.134 2.49

.10 5.13345. 2.55t

Sthrue phase alloys

Leef. 187501

16 5
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N IOBIUM-RHODIUM-M

TRANSITION TEMERATURE Lattice Constants and Transition Temperatures 
,

(Continued)

Lattice constant Transition Temperature [M x a• T
o C

.30 5.1312 2.39

.10 5.1302 2.30

.370 5.1315 < 1.7

.50 5.1334 < 1.7
.70 5.345 <1.7
.90 5.354 <1.7

Ir .02 5.131 2.43
.05 5.132 2.28
.10 5.1329 < 1.7
.30 5.1340 < 1.7
.50 5.1349 < 1.7
.70 5.1349 < 1.7 L
.90 5.1345 < 1.7

Pt .02 5.132 2.52
.05 5.133 2.53
.10 5.1336 2.8
.30 5.1395 5.1
.50 5.1450 6.25
.70 5.1487 7.4
.90 5.1534 7.9
.95 5.160 8.?
.98 5.157 9.6

Au .02 5.133. 2.53
.05 5.137 2.52
.10 5.1412 2.70
.30 5.1573 4.6
.50 5.1688 6.6 K
.70 5.1827 9.5
.90 5.1960 10.8
.95 5.200 11.0
• 8 5.203 10.9

[Ref. 18750]
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NIOBIUM-RHODIUM AND NIOBIUM-PALLADIUM

MAGNETIC SUSCEPTIBILITY

II
Magnetic Susceptibility

System Xtot*(lO-6 Xadd(i0- Xt(10 -6 Xat(l0O- X( 1 0-) Symmetry
____ emu/g.1t) emulg.at) cm3,g LL C3j

b. 60.0 79 49 82 7900 810 o D8b

Nb Pd 50 29 50 50CO 520 a-Mn-.60 .40

SXtot:Xion * Xpauli + XL.?. + Xadd [Ref, 14464n

XL.p. (Landau-Peierls) electronic specific heal contribution

t Nb Rh colled from 10000C and Nb .Pd cooed from the melting point [Ref. 9686].60 .40 .60 .40

** Volume siusceptibility, 3000 K

Ii
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"NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-INDIUM SYSTLM

GENERAL

,iiobiur, and indium (Nb31n) show thc 8-tun,,sten structure under high pressure, 40-

70 kbars, and at an optimum temperature of ]'O 0 °C. The lattice constant for this

material is given by Banus et al [Ref. 12280] as 5.303 t 0.003 and the transition

temperature is given as 9.2 0 K.

=49 -• 0'W Pressure-temperature phase diagram

[1 0 for Nb 3 1In.

~~40 0 -tungsten

lj5 [Ref. 17303)

O 5- I
SI20

g #00 1 00 I10 1200 i 014001•500

Temperature, T ( 0 C)
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T4IOBIUM- INI)1L1M

TRA ITIOV TEMPLMAM'UF

S0.6

O L
S0.4

.4,

a 9 K)

Temperature, T (OK) i

Transition curve for 6-turgstcn Nb In formed urder high pressure conditions.

[Ref. 12280]

TRANSITION TEMPER~ATURE2

Valence electrons per atom

W 4.750 4.M 4.700 4.675

En 4 8.0 -

I 0 ' .2 03
Indium content, X

Transition temperature as a function of indium content, Nb3InxSnl_x.

* Sintered once

o Sintered twice
[Ref. i0749]
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TRANSITION TLMPLRATURI.

j4,1.0

Transitioni curves for ý-tuagsteii IP In Sit M N,,
3 X 1-x ~ 0112(

sintered 6 hourws at 12000 C. 05

r6
1716 160e10 10744

Cz~poud Tanstio TepertTr Nortues Ref.

L*ef 1049

Nb3IT j.5Zr 056.4 1078et4o

Nb 6InSb 4.2-5.2 samples prepared by 21643
6C tranmport mto

Nb 6InAs72-.
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-ANTIMONY AND NIOBTUM-TELLURIUM SYSTEMS

GENERAL

Nb-Sb Niobium antimcnide (Nb Sb) has a predominant 8-tungsten crystalline
3

phase, with small amount of other phases present and shows no Tc >1.020K (Re. 14387].

These other phases finally disappear and T rises when the antimony is replaced with

San alloing agent such as tin. Nb 3Sb Snl, shows a single phase 8-tungsten structure.

Nb-Te The niobium tellurium system does not show a transition temperature.

The data are given for this system as an r type semiconductor.

NIOBIUM-ANTIMONY

GENERAL

LaTti-e C.nstat -t

Formula At.% Sb Crystal- Lattice Constants (A) 8 Ref.
lography ab c -b i

Nb 3Sb 25 B-tungsten 5.263 - - 19559

NbSb 2  67 monoclinic 10.239 3.6319 8.333 120.070 -

2i

• Furuseth, Sigrid g Arne Kjekshus, ACTA CRYST., v. 18, p. 320, 1965.
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NIOBIUM-ANTIMONf -M

TRANSITION TEMPERATURE I
Lattice Constant and Transition Temperatuxre

Transition
Formula Lttice Constant (R) Temperature Notes Ref.

a. Co Tc OK

Nb3Sb 5,263 - <1.02* - 19559

Nb3Eb>. 7 A1,. 3  - - <4.2 -

Nb 3 Sb. 7 Al. 3  - 7,7 .

N53 A1 5.183 - 15.7 [

Nbb. 9 Sn 5.267 -- - 13155

Nb 3 Sb,. 8 Sn%. 2  - - 0 Powders, 16 hrs. 1200 0 C 19614

Nb 3 Sb. 8 Sn 2  5.270 - 13155

Nb3 Sb 7Sn 2 5 5,268 <5.0
Nb3Sb 7 Sn.3  5.270 6.8 [I

NbSb ,.Snr 5.268 - 10.5

N b 3Sb 6 Sn n "I 12.4 I
N bS. Sn. 6  5.273 - 15.8 - U

- - 120 Pwes 6hs 20C 19614

Nb Sb 2n 5.283 - 18.0 o 13155 L3 .2 . 8
Nb 3Sn 5.292 - " 'I

3 U
[ [Ref. 14387]
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NIOBIUIM-ANTIMONY-TIN 4-,-;

TRANSION "MPLRATURE I . I

Lattice constants and transition temperature
for Nb3 SbSnl_× as a function of composition.
Powdered samples were fir'ed at 1200 0 C for 66
hours. S .

.' 0
WE-

I [Ref. 131551

Valence electrons p~er atom

.750 4.775 4.80 4.8255

Transition temperature of Nb3 SbxSnlx-

r - as a function of antimony constituent,
.4E pcwder pressed to 8 topns/cm 2 sinteredIý 5 hours at 12001C.

o) inductive measurement

I 0.2 3 0) resistive measurement
Antimon.,y constituent x

I [Ref. 15343]
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NIOBIUM-ANTIMOFY-TIN IC

TRANSITION TEMFERATURL '

4) IS 02f OR.51 0.1 a000

Transition curves of Nb3 Sb,-Snl as 06
function of the temperature with dif-
ferent amounts of antimony. -

1 4 I IS IT Is

Temperature, T ('K)

[Re.-. 15343]

NIOBIUM-ANTIMONY -

MAGNETIC SUSCEPTIBILITY

" 01 - N-eSb

.,--w--0.-'*--- N..b•.

NbAS

-0.5 [
0 2o0 ,00o 400 500 600 700 800 0oo

Temperature, T (OK)

Magnetic susceptibility for viobium antimonides and arsenides as a function of tempera-
ture. The antimonides were prepared by heating niobium and a.itlmory at .O0COC for 2
days, 800OC for 14 days and quenching in water. The arsenides were prepared by heating
niobimn and aisenic at iO000C for 2 days, 720 0 C for 14 days and quenching in water.

fRei. 217S73
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1PAGNETIC SUSCEPTILILITY >

M'agnetic suscteptibility ior -' 0.4
various niobi!-,i selenides and N&S
telluridez. . These va~ues have 0.2 Nb To*
not leen coirt.ctece for induced /I 0
Itiarnagfeti~sn. Q- o0-Np69

02 NbueSel
u-. x ~ .u -02NbTe 4

3U -0.4 .t 1*1 .,
0 100 200 300 400 500 600 T00 000 900 1000

Temperature, T (OK()

VlOBIUM-TELLURI(1M [Ref. 21738)

ELECTRICAL RSIMSTIVIT'i

[ 1.6 *j --- . '- r 40

0 00

100~

~ 1.01 so ~

20 00

,( .. ~ .~ A bo

20.2 . (n

0 200 400 600

lemperature, T (OK)

Therviclec-tric vroperties of l'bTe,) as a function of temjwerature single crystals were pre-
pare6 by vapor, transport from polyeryrstallire niobium tellumide. [e.276[Rf j196
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NIOBIUM ALLOYS AND COMPOUNDS

NIOBIUM-HAFNIUM, NIOBIUM-TANTALUM AND NIOBIUM-TUNGSTEN SYSTEMS

GENERAL

Nb-Hf Niobium-hafnium alloys show a transition temperature near that of pure

niobium until the hafnium content approaches 70 at.%. In region>70 at.% hafnium, Hf

is found witzh the bcc Nb-Hf solid solution and Tc data are not available.

Nb-Ta The niobium-tantalum system comprises a series of solid solutions with

the latttce constant nearly the same throughout. The transition temperature for this

system decr-ases from about 90K for niobium to about 4.50K for tantalum.

hb-W Niobium and tungsten form a series of solid solutions throughout the

system. The lattice parameters are given to about 25% tungsten content and transition

temperatures are given tcý about 40% tungsten content.

NIOBIUM-HAFNIUM

GENERAL Weight percent hafnium
10 3040 50 60 70 80 90 100

2600 ., ,

2400 soi, - . LIQUI. 2190
0
c

SOLID mp
o 2200 +IUD40~-2O0 0 000 0 0 040

t•2000 -o ooo oo o 0 00 -1950
0
C 3500

~ 1800 0 SINOLE PHASE 0 0
410 ,TWOPHAE0, 00

X-RAYS 1 2500
. % MELTING POINTS1200 '- a + 0

1000 T -,-A • j• iI, 20

0 10 20 30 40 50 60 70 80 90 100
Atomic percent h3fium

Tentative phase diagram for the niobium-hafnium system.

[Ref. 21732)
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NIOBIUM-TANTALUM

GENERAL

Atomic percent tantalum

10 20 30 40506070 90S3000 T

0 2800 LIQUID
2 2600
2400

2200
2000 SOLID
1l00 - Phase diagram for the niobium-tantaluri

1800 system.
1600

0 ,[Ref. 21262]S0 1020 40 60 80 100
Weight percent tantalum

NIOBIUM-HArNIUM

GENERAL

<. 3.50 I I ' 1

Lattice parameter for niobium-hafnium 3.40

system ac a function of hafnium content. ISamples malted in a helium arc furnacer.30
and homogenized for 48 hours at IO000C. 3.30

u
.,4

S3.20I I . I i

0 20 40 60 so 100

Atomic percent Hafnium

O bec

* bcc Nb-Hf + hcp Hf

[Ref. 20160)
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NIOBIUM-TANTALUM

GENERAL
Atomic percent tantalum

o< 3.40 17.6 44.4L 81.8

3.30 *Donnay, J., ed. CRYSTAL DATA:
DETERMINATIVE TABLES. 2d. ed.
New York, American Crystallographic

I 320 I , I Assoc., 1963. p. 829.
S0 10 20 40 60 80 100

Weight percent tantalum

/Lattice parameter for niobium-tantalum system.

Lattice Constants

Nb, ao = 3.302 *

0
Ta, a0  3.3026 A •' [Ref. 21262)

NIOBIUM-TUNGSTEN

GENERAL

"3.3700

o 3.3500
• 0

'm 3.3300
Lattice parameter for niobium-tungsten
system as a function of tungsten content.
Standard sample preparation. 3.3100

v4m 3.2900

3.2700
4.j
4.'
. 3.2500 Nb-W

3.2300
0 10 20 30 40 50

Atomic percent tungsten

[Ref. 107781
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NIOBIUM-iArNIUM

T1WANSITION TLMI'LRATURL m
- II

Transition temperature of niobium-hafnium
c~stern as a function of hafnium content.

4.
I~cf, 21ý83J

4-,

0- 0 to20 00 to Wo0

4, ~ATom percent flafniun.

Nb H

Tranaition temperature of niobium-
-,L hafnium system as a functio.a of

hafniun~ content. Standard miethods
of samrple preparation.

6-00.1 0.3 05 Q4 0,6 0.? 02 [REf. 10776]
Mole ratio Hafniumr

N IOBIUN-TANTALUM

TRANSITiON TWMEIRATVRE ',,

419

Transition temperatures for niobium-R
tantalum system. The sample preparations
were standard.

[Ref. 125831 ~

Nb Ta
Atomic ratio 7,d/Nb
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NIOB IUM-TANTALUM

TRANSITION TEMPERATURE 9 '-Nb

8

Transition temperatures for the niobium-
tantalum system. Powders were pressed
into a rod and melted by the floating zone t 7

process, after swaging, further zone-
melting produced a single crystal.

S6

0

[Ref. 12452) . 5

C- 4 , I , , I+

O) 20 40 60 80 100

Percent tantalum

1) 1.0

0.9

+ 0.?

r4 Reduced transition temperatures for
0.6 0 n3ohium-tantalum system.

S0.5

0 o, [Ref. 10778]
*,4
V 0.3

0.2

U 0.1

'0S•I I I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7¶ Mol, fraction tantalum
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NIOBIUM-TANTALUM {

TRANSITION TEMPERATURE

1.0 1 O-- &fOCJ
(0

0

0.4

0.2
0

0 1 II I AI I
4.3 4.4 4.5 5.9 s0 6.1 6.2 6&3 Q4 6.5

Temperature, T (OK)

"Transition curve for two Nb t 7Ta 53 samples. The data were taken in a .mall
alternating field of about IS kc, on thin rods with a length to diameter ratio
of 15.

Trauped flux 10% 0%
hardness (dhp) 122 76

V=Vn- , where V is measured voltage and Vn & Vs are the secondary coil voltages

in the normal and superconducting states respectively. 5
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NIOBIUM-TUNGSTEN

TRANSITION TEMPERATURE

Transition temperature as a function of 6

tungsten content for a niobium-tungsten 5 5
system* .

Initial Material r_ 3

o Zone refined Nb .I#U-

0 Powdered Nb r.

" 0 Nb 5 to !5

[Ref. 12583] Atomic percent tungsten

I.

A 1

j to;4

Transition temperature for niobium-tungsten 0
system. Nb-W

,41 4
,4I. ~N1

[Ref. 12583) 2 1
Nb 0.2 0.4 0.6 0.8 W

Atomic ratio tungsten
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NIOBIUM-TUNGSTEN

TRANSITION TEMPERATURE I.0

%ýý:0.9~

0.8 -

Reduced transition temperature for the 4

niobium-tungsten system i 0.6 x

4*J

F 0.5

S0.44J C •

[Ref. 10778J 0.3
-4
W 0.2

+j 0.1

0 i
0 0 O.1 0.2 0-3 0.4 0.5 0.6 0.7
w Mole fraction tungsten

NIOBIUM-TANTALUM

PENETRATION DEPTH- AND COHERENCE LENGTH

System Penetration depth Coherence length Ref.x(0) ( ) ( )

Nb 6 4Ta 3 6  89C 1%142 19930

Nb. Ta 5 3  125

250 21800
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NIOBIUM-HAFNIUM

CRITICAL FIELD
•Electr~ons/atoms

0 50 468 44 4.4 +- 420
2C• I-i I

2co-

40-S

Atomic percent Hafnium

Critical fields for niobium-hafnium alloys as a function of hafnium content, J = 10
(Amp/cm2 ) T = Oo2 0 K. Standard sample preparation. Hp is the upper limit of the
critical field transition range and is defined:

Hp= (eo0 104I ) [l-(T/Tc) 2 ]

The Hr value is used to denote (1) the field at which resistance is first measured,
and (2) the field at which full resistance is restored. The rectangles in the above[. figure and the two values in the following tables show these Hr values.

[Ref. 11924]
Critical Field Strength

Symbol Values at.% Hf Symmetry Notes Ref.
(kGauss),
M-T- --2

r Hr 62.1 69.6 12.5 bcc arc-melted 11924
78.9 89.6 25.0 J = 10 amp/cm2

91.0 101.6 37.5 Tc = 1.2OK
102.4 109.4 50.0

99.5 103,5 62.5
95,1 98.8 70.0
83.1 89.7 75.0
83.0 96.0 87.5 hcp + bcc
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NIOBIUM-HAFNIUM

TRANSITION TEMPERATURE AND CRITICAL FIELD 1:
Compound Trancistion F.le'.trical resistivity i p* (4.2*K) t (4.20K) Sample

temperature' Pn(4.2 0 K) (0-cm) •kGaus*) YkGauss)___•_ r___ .....

Nb. 2 5Hf 7 5  v4.2 124 15 P26 arc-cast

Nb 25Hf,.5 ,4.2 124 17 >28 cold rolle&A
2:1

[Ref,. 218451

*Hp, Paramagnhetic superconductivity onset field I
t Hu Upper dritical field

NIOBIUN-TANTALUM

(RITICAL FIELD

S 7 Upper critical field for b. 5Ta. 5 as a
* i •function of ttoperature. Te a 6.iSQK.

S0 fj-um of graph, 8.6(kGousis)

oi 4 - theory

3 0 ceasurvd by resistivity method

2 jRaf. 21841)

0 1 3 3 4 5 6 7

Li
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)NIODIUJI-TANTALUM
CRITICAL rILLD~

I ~Tran~ition Temperature and Critical. Field

AtA Tal temprtr Criical rield Strength Ref.

11c1 Hc2  045 1065 - -21261

50 6.25 - -- 19477

t -- 3.55 (kWauss) 1.72 Hc2 13481

67 5.6 110 (0.) 310 (0e) 1G')O (0e) - 14582

.~ 6

4.

S0 0.1 0.2 L3 0.4 0L5 6 07 0.809 LO L2 LS

N,?ormal1xed temperature, Ir x T/.2.

IUpper czritical fie'd as a function of temperature for the following samples, a6 rolled.

X 0x Xe +-A, where X-, is the intrinsic contribution to the ordtr p&rameter ead X
is the ?mnpurl{f scatterlag contribution. Tne valuts are given for ir 3 0,

[Ref. 212ý9J
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N 10131tM-TANTALUM 
mat

CRITICAL FIELD .

0~ ~ 4 t 0. 0. 1 I(O

Ratio of flow repistivity to normal 4

resistivity as a function of field0.
strength H, for Nb0  Ta The t values
are the ratio T/T fo'r 9-S- 6.150K. HI"
values are shown ior eac9 t and the dasged 0.-Tc 0.1&e*

line indicates expected behavior at t .~
H 2 (0) 8.6 CkGauss). ~I 2 3 4 *

Field strength, H (kauss)

[Ref. 218*41)
2.0

-~ 1.01. 2

03

O 0.0

Applied field strength, H (kGauss)

Resistive transitions in a Nb 5Ta I sheet 1.5 cm x 0.25 cm x 716 (10-3)cm. The data
are take at T= 4.20K, I 500'imA Ind J c 260 amp/cm2 and at different H to J
orientations. Hc2  3.55 kGauss and H.3 z1.7 HI:2, theoretical. The sample was
annealed.

(Ref. 13'481J
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-- -

NIOBIUM-TANTALUM 0.00/

CRITICAL FIELD 
0.6 9=80-

/0.4 B/ A

Resistive transitions reduced from voltage - 0.4 2
W 0.2 - ,• ,

measurements, on a Nb sTa. sheet. Data o
taken at T = 4.20 K ana J 200 Amp/cm2 . "
The samples are identical except that
(b) has been annealed. 1.0

to 0.0.8 B"

0.,

(Ref. 13Z481J 0ý A

0.2 I

0 I 2 3 4 5 6 7

Applied field strength, H (kGauss)

%1.
I I I

[ 1.0 Resistive transistions in a
Nb.sTa sheet 1.5 x 0.25 xI 7.6 x 16-3 cm. The data are"- 0.8 taken at T = 4.2 0 K, H11J andI /'I different current strengths.

0.A 1.7 HC2 The R/Rn values are obtained
from reduction of the
previous voltage data Hc2

U /62.5 /3.55 kGauss and Hc3  1.7IZ 0.o4 _3
/ /c2. The sample was annealed.

4. 15.6/ /

0,./ iRef. 13481)

0 I I
3 4 5 6 7

Applied field strength, H (kGauss)
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I II 1

NIOBIUM-TANTAW14

CRITICAL FIELD
10/

/
Flux penetration curves for Nb.o6 4Ta. 3 6  //
alloy. Cylindrical rods, zoce-refined.

(3 T = 4.2 0 K
o T a 6.0K -
X T: 8.20 K

4J

0 200 400 600 6oo

Field Strength, H (Oe)

Transverse and longitudinal
voltages as a function of

P S-V magnetic field strength for Nb 5
Ta 5 sample. The Hall voltage*
may be derived by substracting

- -..... two corresponding curves. The
polarity of the recorder was

2 treversed in (2) and (3). L

(1) Hi 4+
(2) H.i+
(3) H..L i

40 (4) Hti+

5 (5) I11
I I

0 40-00 6000 12,000 T = 1.3 OK

Applied field, H (Oe) J = 3 x 103j III R.D. !

[Ref. 21260o
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NIOBIUM-HAFNIUM 10 , iiI

CURRENT DENSITY K Io2  Pib+I0% HI

, 101 o Nb.IH

Critical current for two niobium-
hafnium wire ( 0.030 in. diam.). The iO0
values were taken in a transverse
magnetic field on arc-melted samples. : "

4.'

U[(Ref. 10778J 161-

0 2 4 6 8 10 12 14 16 IS
T- Applied field (kOe)L

[
U

Critical Current Density

Values (103 Amp/cm2 )

Symbol Rolling plane Unrolled Samples Temperatu

"H11 H J
SJc 2.6 0.08 0.08 25 at.% Hf alloy 4.20K

arc-melted and

inverted 6 times.

[Ref. 10713J
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NIOBIUM-TANTALUM 30

CURRENT DENSITY r.

20-I.

"U"
"I-I

410

-4U

U .I . I I n

0 500 1000 1500 2000 2500

Field strength (Gauss)

Critical current for Nb5 5T4.•5 as a function of field.
[Nef. 21843]

7

4.?

5

-A

.44

41 2

8
oHC2
4-' 0 --2! ,

0
1000 2000 3000 4000 5000.

Field strength H (Gauss)

Square root of critical current as a function of field for Nb5 5 Ta 4 5 .

[Ref. 21843]
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NIOLIUM-TANTALUM

"CURRENT DENSITY

go i

Cr~tical current density for Nb 55a4 wire
swaged, drawn and annealid. The effect of

"4 ' J annealing time is shown.

W a) annealed 30 min, 14730 K, 10"-4 _0-5= Hg

0 1 b) annealed 24 hours, u.l8OO.:: -.5xlO-2nm ftg

J0c) annealed 48 hours, --1800 0K, -,5xlO-2mm Hg

[Ref. 21848)

10
A1,000 3,000 5,000
Applied transverse field, H (0e)

F

*.~ 16'00U -i------- Critical current density 4Fi'4b. Ta.4
I • ~14,000 -

S4,001 alloy cold drawn wirez (a) before an-

nealing (b) after annealing for 25 hrs.
10,000

A0 hours at 5 x 10"8 Torr at about
6000

15000 C. Data taken at 4.2 0 K.S 6000

4000
S2000 [Ref. 21261]

0
1000 2000 3000 4000 5000

. Applied transverse field, H (0e)
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NIOBIUH-TAtNTALUK

CURRLNT DENSITY ,eO'
3 ST )TDINAL

•'1 I1..
.w I0•

Ot I I

4,C TRANSVERSE 1
Critical current density for a Nb 5 5Ta 4 a
wire, annealed 24 hours. The data are" 0. l T

0. Ishown for longitudinal and transverse fields.

[Ref. 21848J "-

,oI -IL:

0 %,000 2,000 3P00 4,000 5,000

I.

Applied field: H (0e)

L.i

u 140Critical current for Nb 1 0Ta wire,
120 0.1.25 cm diameter annea ed 1 hour

G. at 11000 C and 10-d Torr, resiutivity
100 0 o ratio % 30. Data taken at 4.2 0 K with

0 200 400 600SLo0ngtud0nal field, H (Gauss) [Ref 2090'4-
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r I I I 1 11rroTrmnI

CURRLNT DENS-TY ,o'11

Critical current as a functi of of
transverse field strength for a 1%
tungsten•, niobium-tungsten alloy. 16,

IRef. 10773] -

0 2 4 6 6 10 I2 14 16 Is

NIOBIUH-YANTALUM Applied field, H (kOe)

MA=NTIC IYSTERESIS

145 I~o~ Magnetization for Nb 9 5Ta 05 wir'es ini
Ioo10 a longitudinal field: Data takea at

50 50
* cooled in a fixed field

INO HETRgtWRef. 21843J

-50 ,

0 1O0 200 - 00 400 500

Field strength H (kGauss)
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L
NIOBIUH-TANTAUJM

MAGNETIC HYSTERESIS •

400 Hagnetizetiou of NJ 5 0 Ta S wire 0.125 cm
diameter, annealed for•14our at 11000C and

_W O Nb-TO 10-6 Torr, resistivity ratio %30. Data at I
L. ." •4.2 0K.

' 4.1 K

0 * Magnetization (0-0) H-+2 * ,0 Flux expulsion (Neianer affect)

upon tooling in longitudinal field
V 10- x Magnetization after cooling at U.32

:V90 k~auss N-

-- 0_0 _W__9 " 0 Paramagnetic magnetization at Ic. The
Z ""sample is cooled through T¢ in constaiutX":c -10( L ;eld.

-, "Ref. 20901
0 200 400 600

Longitudinal field, H (Gauss)L

Magnet6ization of Nb. 5 5 Ta • wire, swaged, 
4

an nnaed at; takan At " ijvu

a) one-stage annealed 33 min. at 0
14730 K, lO-4 - lO-k; Hg vacuum.

b) amnealed 48 hours at %lVO 0°K in 0 1 ZOO0 40000 5000
"%5xl0o-8m Hg vacuum.00 0

(Ref. 21848] 0 L.
: 200 (

0 - L
-2001 p0 1•000 2J0 3,000 4O00 5,W0

Longitudinal field, H (0e)
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NIOBIUM-TUNGSTEN

MAGNETIC HYSTERESIS

IP 000 a

l--

Field strength, H (0c)

MagnetizatLon as a function of field strength for a niobium-tungsten alloy (9.2 at A W)

(a) heavily cold worked
(b) bulk rods (1.2 cm x 0.6 cm diam.)
(c) powders 45-60 u-size particles

[Ref. 10778)

Electronstatoms
NIOBIUM-HAFNIUT4

5.C 4.8 4.6 44 42 4.0

ELECTRICAL RESISTIVITY -

S-'• 420 . .. . .. ...
Electrical resistiviti -',r niobiwu- 420
hafnium systtem as a function of the 00
hafnium contit, data taken at 1.2 0 K.

(Ref. 11924) 60 4

I40

$4 20

9 0 20 40 60 80 100.

Atoms percent Hafnium

197 bc:
•hcp + bcc
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NIODI~hI-IAFNIUM

ELLCTRICAL RESISTIVITY" [
SValues (PP0-cm) at. % Hf Method

p ~l12.5 bcc arc-melted
36.3 25.0
57.2 37.5 ,
68.0 50.0

100.3 62.5
114.4 70.0
124.4 75.0 I

53.2 87.5 hop + )hcC

[Ref. 119241

NIOB IUM-TANTAWM .
ELECTRICAL RESISTIVITY {I(

0.064

'.00%060 T

S00%60%• " To• • 0.056

6 0.052

0.0 40% To
• 4e•• 0.046

0,3 •,, -/. J... 0.044

0 200 400 600 800 1000

Temperature, T (OC) 0.040 .
1000100 1400 1600 1900 2000

Temper~ature, T ( 0C0

Resistance for Nb6 0 Ta 4 oand Nb4 0 Ta. 0 alloys from 0-20000 C

[RFef. 21262J
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NIOBIUM-TANTALUM

HALL ANGLL ..-- 
-

~-15 N (2

function of magnetic Ised e? .

Data taken at 1 n3dK. - - -

1) annealed • .

2)etched 0 4 C 12 16
3) cold-rolledI. rField H ( 'G aus s)

r [Ref. 20825)

Ii 2
Hall angle as a function of field forNbTa.s alloy, cold rolled sheet4 22

1.3 K vthick.

10  4Z30 K

(Ref. 21260)

0 4 8 12

Applied field, H (kOe. :

V /"
L 199
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K1I0BIlUN ALLOYS AND CoaIPOUNDS

NIOBIUK-RHILNiUH AND NlOBIUH-OSMIr'h SYSTEMS

GENERAL

Nb-Re The niobium rhenium system forms two distinct ccompounds, 0 in the

niobium-rich region and x in the rhenium-rich region. Except foq a few values given

in the mixed 0+X regIon most of the transition temperatures are hported in the X

rhenium-rich region of the system.

Nb-06 The niobi•m-osmium system f orms threae primary crystallogr&phic

structures, a-Mn, a, and 0-tungsten [Ref. 17299]. This iAttorstructue gives the

lowest Tc of the three crystalline forms, 1.050K [Ref. 20332J ,ihile the a-Hn gives

the highest To, 2.520 K [Ref. 17299).

NIOBIUM-RHENIUM 0 030 40 40 70 o- to 100

GrNERAL (LTING OSSRVLO

l @OONE PHIASC T

18000 nrn,. r
.T~ Pr h•I ! I rnl

l--
74*- 200

2200 aoo a

0 0 0 a 0 0 0
Proposed phave diagdrm for niobIum- 2o0o - a 0 o 0 a

rhenium system. Ft

140D0

.M -0a 0

[Ref. 2 000

010 z20s040 50 10sW

Atomic %Rhenium
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"aISBAP H AND TECI4NOLOut DiYPSPON E UF()nF aAVuc.

GENERAL

Apparace f dffeentphases in the
niobium-ossaium systemi. ivaphass exiets 1
from 30-5'4, Cu and chi phase from~ 55-65%0s..j

[RaE. 20718] L

At..% osmiun

NIOBIUM-RHENIUMI

GENERAL

j3,25H

3.20

0 10 20 50 40

Lat~ticu par'ametcz ior L(.c niobiiw-rheniulm system.

(Ref. 21231)
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NID MIUNU

GULKAL

60 70 60 00
Atomic trhenium

j ~Lpt~ice parameter- for a-Mnp niobium-rheniwa system.

-~ [ (Ref. 21231]

I NIOBILIN-OSMIU?1__________ ______

0~

* I Lattice coriutant for a-Mn Nb-0* system.
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F-

NIOBIUM-RhENIUM La

TRANSITON TEMPERATURE

Lattice Constant and Transition Temperature

At, % Re Lattice constant • Transition Temperature Symmetry Notes Ref.
a co Tc(OK) ATt

____ 0 C

120 - - 4.8 - Nb, bcc Composition given 10784
as Nb4.4 Re

25* 3.228 - As melted, 20625
annealed 10000C,
7 days.

50 3.194 - - - As melted. 20625

"to 9.783 5.115 - - o-tetr 20625

9.79 5.10 3.8-2.0 i Cooled from 12500 C. 9686

60 9.781 - 2.36 0.2 cz-Mn Cooled from 12500 C. 9686

- - 2.0 - " - 7648

3,773 - Cooled from 9686

melting point, 6.2
electrons/atom.

9.77 5.14 2.5 0.2 o-tetr " 9686

62 - - 2.45 - a-Mn 6.24 electronsi 15323
atom.

82 - - 8.89 - 7648

tAT is the width of the transition region

• Nb3 Re, Cu3 Au type, ao 4.207 •, sample preparation HCl transport method [Ref. 21843)
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IRAXSITION TEPERATURE

L.attice Constant and Transition Temperature

Lattice Transition Llectrons/
At,% ft Syinu~try Constant(R) temperature atom Notes Ref.

ao co Tc (°K)

25* 8-tungsten - - 1.05 5.8 9620
"5.1359 - < 1.7 i Standard sample 18750

preparation.
40 a tetr•gonal 9.C53 5.066 - 6.2 Arc-melted in a 20625

get tered a"gon
atmosphere.

"tetragonal 9.844 5.056 1.78 @ 17299
50 a mangantse 9.778 - - 6.5 Arc-melted in a

gettered argon
atmosphere.

67 " - - 2.z2 7,0 17299

* Nb 3 0s, Cu3 Au type, a. 4.207 s&nple prepared by HC1 transport method (Ref. 21043]

Atomic pc'-ent osmium

1 "0

"4.90 E'f 148

8.0"

eTransition temperature fo niobiua-

'270 osmium system.

*, 0
-,4

5"40 2[&556T::0 . Ref. 14468) \
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NIOBILJM-RfIENIIJN

DEBYE TEMPERATURE L

c~320

310 Debye temperature for three niobium-
•300 rhenium alloys with A 12-type crystal

290 ANbSSO~g tructure.

1280 * NbgqR97 j
V 270 Nb 80ft

260 1 . [Ref. ,146,4JLh 0 2 4 6 a 10 12 14 14

Temperature, T (OK)

NIOB1UM-RHENIU;4 Temperature, T (OK) "

SPECIFIC HEAT "10,

20

Atomic specific heat for these niobium- "
rhenium alloys with A 12-type crystal Do
structure. &0 Nbs

u ""0 NbacRogo:

[Ref. 14464J 4-
C 0 50 100 150 200 250

Temparature, T2 (0K 2 )

Li
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! NIOBIUM-WILMIUM

SPECIFIC HWAT

Thermal Properties

Coefficient of Electronic
Specific Hiat. Debye Tempcrature N(0)V

SFormula (10-4 cal/OK? mole) (OK) (Cal/OK2 jrole), Rf,.

Nb 3 8 Re 6 2  5.4 300 ± 10 340 15323

NIOBIUM,-PJIENIUM

MAGNETIC SUSCEPTIBILITY Atomic percent Rhenium

0 •0015

S200 -

'-1

9.
4.,

50 -l i

50 5. -. 2 5.4 5.6 5.8 6.0

Electrons/atom

Susceptibility of uiobium-rhenium system. Data are glveGi for Nb-Tc and Nb-Mo for
comparison.

0 Nb-Re

x Nb-Tc

O Nb-Mo

.Ref. 19617J
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HAGETIC SUSCEPTIBILITY

x (10-6 x at (10.6 x (106)*
Fo~mt.laCM3 /a) CM3 /,g _____ Sy etrv Notes

Nb5 0oRe. 50  61 8500 880 a-Nn Cooled from 12500C.{.

Nb.4 0 Re.6 0  66 9800 1000 a Cooled fi-ce %24Q00 C.

Nb.6 00S.4 0  74 if990 of

Nb.500s5.50  60 8500 890 - - Hn

*Volume suasceptitbil ity, 3000 K.

'Lhef. 968tiJ

L
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NIOBIUM ALLOYS AND COMPOUNDS

LATTICE CONSTANT AND TRANSITION TL:HPLRATURE ?

Nb-Ir

Lattice Constant Transit ion
At.% Ir ronmuia Sylmctry Value (R) teaveralture IfNote Ref.

15 Nb + Ir bcc 3.262 - - as melted 20625
25 NbaIr B-tungsten - - 1.7 - 9625

5.139 - - as melted 20625S37 a tetr. - -- 7.9 -7648

"9.86 1.06 2.4 midpoint 9686
- -\ 0.1 width - "

40 Nb3 Ir 2  9.834 5.052 9.8 - 17299
50 - fcc 3.895 - n- anealed 20625
"75 NbIr 3  3.893 - - 3 days 20331

12000C

Transition
At.% Pt Symmetry Lattice constant (R) temperature Notes Ref.

-0a b co Te (OK)

25* $-tungsten 5.153'.003 - - 9.2 - 20332
37.5 ;-tetr 9.91 - 5.12 3.73 - 17299

o' f - - - 4.2 - 15323
38.0 " 9.91 - 513 4.01 annealed & 9686

quenched
52.0 ortho'hombic 2.780 4.983 4.611 - 20357

5750 5.534 4.873 4.564 - -
"71 monoclinic 5.537 4.870 27.33 -

* Nb 3 Pt, Cu3 Au type, Ao 4.207 s ampl.e prepared by HC1 transport method[Ref. 21843)
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T'HERMAL PROPEYTIES L
Coefficient of Electronic

Specific [feat DIbye Temperature N(C.)v
"y x 10-4 9

Formula (10-cal/mole oK2) ( 0 K) (callfole 0K2 )-1 Ref.

Nb,62iPt.* 7 5  9.1 a 0.2 335 8 lr. , 260 15373

e, , and Tc from preceding table were all taken on one sample. L

14I0EIUM-PLATItNUML

MAGNETIC SUSCEPTIBILITY L

xtSt*t1,0-6 X add (10-6 X (10-6 Xat (10-6 X (10-6)** Crystal-
System OMl.at) ainujg at) - C1 3/. cm3 /g _ ogmhy

Hb.62Pt.3 8 t 67 140 51 6700 660 a

x tot a Xion + Xpauli XL.p. t X4 dd ,[Ref. 14464J

XL.P. (Landau-Peieris) electrm...c specific heat contribution.

t b Pt 3cooed from 13000K. [Ref. 96061

"1 Volume susceptibility, 3000 K.

L.)
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XFtIA~RC AVDTIHNLO D%'.IlN II 1

P1IPAftIO DY KLACTRONIC IPROPERTILS INrQMWIATiWN CENJILt *HUGHML AIRGHAFV C0aMPANY, CULVER CITY. CALWOftNlA

HIIODI'JM ALLOYS AND CONPOWJDS

j IODIULM-GOLD SYSMLN

GENERAL

INb-Au Of the four, niubium-gold c kpowund only the Mb Au ahw a transition

temiperature. Thih~ LMPound tak-es on the 0-tungitten structure primarily; however, by

I quonching carefully an A 2 structuve 13 fcnied which shows a MUch louer Tc.--

Cowpound Stru ture Crystal

?Nb 3Atý Cubic A 15 (O-W)

kNb 3AU Cubic A 2

Vb3 Au 2  Tote'agorial D17 14/van

NL 1 Au. Cubic 0-Mn

W bAu2  vex. onal A132
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AjM~ Wm fl~o pr - fuM0
"Rg.EAW;Pt AND YKLGH"Iu&OY DIVISION L(Jj1(jI

rfPNI.1AN' Ry &LUCTRNQIC~ PRlOPK fit# INFORMATION4 CENTERgf HU'am4it ^AIRCNAPT (LQMPANY. C.PL N ICITY. CD ,IrORNIA

NIOBILM4-OLD

GUENRAL

S49 -____ _

0 0.
Nb&Au VA&.

VANADIUM COMPONENT, XL

LatticO constant Of (Nbl..zVx)3 Au as a function of corpositkxn.

* A 15 cjysta1 str~acture, ann*tpled

A A 2 crystal str.~ctu~re, quoenchud

Both binary compounds Nb Au and V Au, s 63 1el as the t miary Yb ;uvAu, for,4

Lnto the ~'15 structure~ whert prop-Arad and jeft "as cast". DiucLar at al. 'Ref. 15189)

wora able -,o convert this A 15 sample to an A 2 type structure .ýdtto. a iý,<,ching 'method

of 'lowinC cold argon onto tfia'm ait imediately after int-t-rrupt~iag %-, priLmb,.-y curent.

'rho return othese A 2 sampler' to A 15 netructurv was accompli~ld by wmiealing,

X b3Au 20 hu~s at 105S z'C
1/2 hr ot J,100t'C

Nb Au-V 3AU 27 hz's 6t 81O0C

V3A 8 hr3 at 7600CL
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Al FOR MAM~UM LMWnOarT ~ P M P U2)GUVUR &
FiIKA';,H AND iICNNOLOa'r DIVISION

4.11FORC YIAI.SL CMAhIT

PRIPARO Py KLSCTNONIC _ ;iFTiOi LM *in UOINI[I AIRCRfPT COMPANY. CULVIR CIT. CALI-FONIA

P IINIODIUrn-GOLJ)

TRANSITION TLMFLRATURL

Lattice Con'~tants &and Tranxitiofl Tuiuporatlzze
Transition

Lattice constants (A) Tempcrature
At.%Au Formula a c TC (OK) Symne t ry Ret.

0

25k Nh/jAu 5.211k .OUl - -tungsten(A 15) 20025I .- - 10.6

11.5 9620
11.0 15189-J32g 1.2 A?2

'0 hb3 Au2  3.38 5 x 3.04 V4 h 14/nmM 20226

45 ,Nb11Au9  7.05 -

67 NbAt' 2  4.61 2./2 AIB2 .

* Nb 3 Au Cu 3 Au type, a. 4.207 •, sample prepared by HCJ trans.or. method Leef. 21843)

~ Transition tempei-atur' of niobium-gold sybtem ats
,AA-...Ž. a function of atomuic -.erent gc1 d Set--,- 2L5 "tA-

... A2i gold there. ame traces of A 2 str•ctu'e present in
11 thz A 15 b~ructur'e.

S - ^A 15 crystal strmcture,
annealed

A A 2 crystal structure,

4 -quenched

I.1
-" __ . !_"._L~ef. 151eoJ

0 to 20 30
A7Oe4IC PRC.NT UJLD
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RESEARCH AND TKCFINOL¶)OY WiPBItON I HP0A A 3F)

A IR FORCE *Y&TEMX COMM A ND __ _ _ _

PREPARED DY ELILCTRONIC PROPI[RTICI INFORMATION CIN7ER * HUCAI(8 AIRCRAFT COMPANY. CULVR C•ITY, CALIFORNIA

NIODIUM-BISMUTH

Pressure-temperature phase diagrem for Nb3IL±. I o.

1 0 -tungsten

0 bcc

[Ref. 17303. . * . i...

Temperature, T (OC)

NIOBIUM-BISHUTH

TRANSITION TEMPERATURE

121

91Tr,,nsiton temper•ature for 5-ec Nb Bis
measured by the Schawlew and Devlin

I19 susceptibility technique. The circuitry

tII7 of this experiment is ruch that ther'= transition curve, shoes a hlghe.r "f .........

C * at the lower temperatures.*

115
P4 now with Douglas Aircraft Co. Santa Monica
- 13 California.

112

2.0 2.5 3.0 3.5 4.0 [Ref. 17303J

Temperature' T (OK)
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Studies in the Niobium-Oxygen System. The Kinetics of the Oxygen
Absorption of Niobium. Z. FUER METALLK, v. 54, 1963. p. 589-692.

21851 DWIGHT, A.E. Alloying Behavior of Columbium. in CO.UMBIUM. METALLURGY,
Ed. by DOUGLASS, D.L. and LW. KU.Z. N.Y., Intersci. 1961. p. 383-406.

21907 GEN. ELECTRIC CO. RES. LAB. A Reaearch Investigation of the Fa(ctors that
Affect the Superconducting Properties of Materials, by, SCHMITT$ R.W., '
et al. PR no. 2, Dec. 15, 1963 - June 15, 1964. Contract no. AF.-33 657-
11722. June 1964.

21908 GEN. ELECTRIC CO. RES. LAB. A Research Investigation of the Factors that
Affect the Superconducting Properties of Materials, by BEAN, C.P., et al.
PR no. 4, Nov. 16, 1964 - May 15, 1965. Contract no. AF-33 657 -11722.
June 1965.
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CAALOG of EPIC PUBLICATIONS

Glass6s and Ceramics

DS-139 Aluminosilicate Glasusa. J.T. 1411ek. July 1964. 143 p. (AD-444 101)

DS-136 Aluminum Oxide. J.T. Miluk. March 196k. 1le p. (AD-'3 34 173)

5--6 Aluminum Oxide; Optlcal Properties and Thermal Conductivity. H. Nsubsargar
February 1965. 20 p. tXD-464 823)

DS-123 Beryllium Oxide. J.T. Milek. March 1963. 21 p. (AD-4I3 831)

DS-138 Borosilicjte Glasses. J.T. Milek. June 1964. 115 p. (AD-602 773)

DS-128 Cordierite. J.T. Milek. June 1963. 25 p. (AD-413 850)

DS-129 ?orsterlte. J.T. Milek. August 1963. 28 p. (AD-421 829)

DS-125 Magne.;um Oxide. J.T. Milek. June 1963. 45 p. (AD-413 809)

DS-130 Pyroceram. J.T. Milek. August 1963. 37 p. (AD-421 883)

DS-122 Stritlte. J.T. Miltk. February 1963. 49 p. (AD-413 834)

Gases

DS-142 Fluorocarbon Gases. J.T. Milek. November 1964. 111 p. (AD-608 097)

3S-140 Sulfur Hexafluorid . J.T. Milek. October 1964. 68 p. (AD-607 949)

Plastics and Rubbers

5-5 Aliphatic Hyrrocarbons; Electron Mobility in, as Related to Organic Break-

down. J.T. Milek. February 1965. 54 p. (AD-465 159)

DS-Y05 Polyethylene 2erephthalate. J.T. Milek. June 1962. 39 p. (AD-414 846)

S-8 Polvimide Plastihs; A State of the Art Report. J.T. Mllek. October 1955.
369 p. (AD-475 505).

DS-106 Polytctrrfluoroeth1ltne Flasticb. E. Schafar, June 1962. 37 po
(AD-413 907) (More recent is Special Report S-3 below)

DS-107 Polytrifluorochloroethylene Plastics. E. Schafer. June 1962. 20 p.
(AD-4I3 940)

DS-127 Silicone Rubber. J.T. Milek. June 1963. 49 p. (AD-413 906)

5-3 Tetrafluoroethylene (TFE) Plastics; A Survey Materials Report.
J.T. Milek. September 1964. 104 p. (AD-607 796)

Metals and Superconducting Materials

DS-141 Niobium. D,L. Griksby. November 1964. 106 p. (AD-60 :98)

DS-148 Niobium Alloys and Compounds. D.L. Grlgsby. Jaiuary 1966. 227 p.
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Semiconductors --

DS-110 Aluminum Antimonide. M. Neuberer. September 1962. 43 p. (AD-413 676)

DS-147 Bismuth Selenide - Bismuth Telh,ride Sysitm. H. Neuberger. December
1965. 145 p.

DS-134 Cadmium Selenide. M. Neuberger. November 1963. 54 p. (AD-425• 216)
DS-124 Cadmium Sulfide. Summary review and Data Shmets. M. Neuberger. April

1963. 155 p. (AD-413 66?) ,

DS-1O0 Cadmium Telluride M. Neuberger. June 1962. 49 p. Z.(AD-415 331)

DS-112 Gallium Antimonide. 1. Neuberger. October 1<2./•i p, (AD-41.3 775)

DS-144 Gallium Arsenide. M. Neuberger. April 1965. 12 p. (AL-465 160)

DS-146 Gallium Phosphide and the Galliu, Arsenide-(.allium Phosphide System.
M. Neuberger. July 1965. 94 p. (ADI:47 537) 1

DS-143 Germanium. M. Neuberger. February 1965. 236 p. (AD-610 828)

DS-121 Indium Antimonide (2nd Ed.). M. Neuberger. December 1965. 29, p,

DS-109 Indium Arsenide. M. Neuberger'. June 1962. 57 p. (AD-'Ii3 892)

DS-]02 Indium Phosphide. M. Neibergar. Juft 1962. 29 p. (AD~4lI 847)

DS-103 Indium Telluride. M. Neuberger. 1 une 1962. 27 1,. (AD-414 896)

DS-116 Lead Selenide. M. Neuberger. Decembeý' 1962. 43 p, (AD-437 310)

DS-113 Lead Telluride. M. Neuberger. October 1962. 35 p. (AD-437 311)

DS-104 Magnesiun Silicide. M. Neuberger. June iq62. 1' p. (AD-414 695)

DS-114 Magnesium Stannide. M. Neuberg•r. November 1962. 23 p. (AD-413 825)

DS-137 Silicon. M. Neuberger. May 1964. 209 p. (AD-501 788)

DS-145 Silicon Carbide. M. Neuberger. June 1965. 105 p. (AD-465 161)

DS-133 Zinc Oxide. M. Neuberger. October 1963. 44 p. (AD-425 212)

DS-132 Zinc Selenide. M. Neuberger. September, 1963. 25 p. (AD-421 964)

DS-135 Zinc Sulfide. M. Neuberger and D.L. Grigsby. December 1963. 72 p.
(AD-427 288)

DS-108 Zinc Telluride. M. Neuberger. June 19C2. 24 p. (AD-413 939)

Additional Publications

S-7 Glossary of Electronic Properties. Emil Schafer. January 3965. 86 p.
(AD-616 783)

EPIC Bulletin. v. 1, no. 1, January 1965-. A monthly two-page news sheet
containing items of interest to many of our users.

Electrical and Electronic Properties of Materials. Information Retrieval Program.
Technical Documentary Report No. ASD-TDR-62-539, June 1962, Final Report
(Covers work from July 5, 1962 - June 15, 1962. HT. Johnson, E. Schafer
and E.M. Wallace, 219 p. (AD-289 546)

Ibid. ASD-TDR-62-539, Part II, April 1963, H.T. Johnson, D.L. Grigsby, and D.H.
Johnson (Covers work from June 15, 1962 - December 14, 1962), 122 p.

(AD-407 550)
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iIbld. ASD--TDR-62--b39, Part Ill, April 1964, H.T. Johnson and D.H. Johnson
(Covers work from January 22, 1963 - January 31, 1954), eOp.
(AD-602 411)

The Electronic Properties Information Center, Technical Rcport AFML-TR-65-68.
March 1965, H.T. Johnson and D.L. Grigsby (Covers work from February 1,
1965 - January 31, 1965), 90 p. (AD-466 lO0)

(The four prcvioUS reports, ASD-TDR-62-539, Part I, I1, and III, and AfML-TR- I
65-6;, are progress reports that describe the establishment, purposa,
O peration. , proz'grLams @lJV accoui•upWish'ents 0i EPIC.)

Electronic Properties of Materials; A Guide to the Literature. Edited by
H.T, Johnson. 2 v. New York, Plenum Press, 1965. 2000 p. $150.00.

Interim Reports

1. Selected Electret Bibliography. August 1965. 58 p.

2. Electrical Conductivity and Resistivity of Selected Metals and Alloys.
No Date. 16 p.

3 . Electrical and Magnetic Properties of the 300 Series Stainless Steel.
July 19, 1955. 12 p.

4. Compilation of Information on High Electrical Conductivity Copper Alloys.
August 17, 1965. 49 p.

5- Behavior of Dielectric Materials and Electrical Conductors at Cryogenic
Temperatures. (A Bibliography.) August, 1965. 87 p.

. A Bibliography of Superconductor Devices and Materials. August, 1965.
1 p.

7. A Compilation of Referenco-s on Charged Transfer Complexes and Compounds.
August, 1965. 18 p.

8. A Biblicgraphy of Holdings on Thermoelectric Properties of Copper, Gold,
Silver, and Their Alloys. August 2, 1965. 13 p.

9. A Bibliography of Hcldings on Thermomagnetic Properties of Selected Metals.
August, 1965. 33 p.

10. A Bibliography on High Temperature Dielectric Materials. November, 1965.
10 p.

11. A Bibliography of RFI and Electromagnetic Shielding (including Shielded
Rooms). October 11, 1965-. 3 p.

12. A Bibliography or 11igh Temperatures Electrical Conductor References.
November, 1965. 4 p."

13. A Bibliography on Encapsulation, Embedment, and Potting Compounds.
December 22, 1965. 9 p.

14. A Reference List on Tit-nium Oxide Dielectric Films. January 11, 1966.
1 p.

15. A List of Ultra High Frequen-y References Containinh Materials/Property
Data. January, 1966. 3 p.

16. A Compilation on Silver-Cadmium anid Nickel-Cadmlum Batteries. January,i •1966. 60 p.
1-i. A Selected Bibliography and Da.a on Boron Nitride. January 1966. 60 p.

18. A Bibliography on Tantalum Metal Films for Elýectric Applications and

Related Information. January. 1966. 6 p.
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Copies of EPIC reports may be obtained by sending your request to the F
Electronic Properties Information Center (Bldg. 6, Mail Sta. E-148), Hughes Aircraft

Co., Culver City, California 90232, as long as copies are available. When our [
initial printing is exhausted, copies may be obtained from the Defense Documentation

Center (DDC) by those having access to this service. For ordering purpores, AD

numbers are fu.,nished, when available, to assist established DDC users in obtaining
these documents by submitting a standard Document Request Form (DDC Form 1) to khe

Defense Documentation Center, Cameron Station, Alexandria, Virginia. Other reques- L
tors may order these reports which may be available by AD number and title from the

Clearinghouse, (CFSTI), U.S. Department of Commerce, Springfield, Virginia. Pre-

payment is required unless purchases are to be charged to a Superintendent of

Documents "special deposit account". Checks or money orders should be made payable

to the "National Bureau of Standards - CFSTI".
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